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PREFACE 

Shortly  after  the  death  of  Professor  Rowland  in  April,  1901,  a  com- 
mittee of  the  Faculty  of  The  Johns  Hopkins  University  was  appointed 
by  President  Gilman  to  suggest  to  the  Trustees  of  the  University  a  plan 
for  a  memorial  of  their  colleague.  The  committee,  consisting  of  Pro- 
fessors Remsen,  Welch  and  Ames  decided  to  recommend  that  a  volume 
be  prepared  containing  the  physical  papers  and  addresses  of  Professor 
fiowland,  and  also  a  detailed  description  of  the  dividing  engines  which 
had  been  designed  and  constructed  by  him  for  the  purpose  of  ruling 
diffraction  gratings,  and  that  this  volume  be  published  by  the  University 
Press.  This  recommendation  was  approved  by  the  Trustees  of  the 
Fniyersity;  and  the  same  committee,  with  the  addition  of  Professor 
R.  W.  Wood,  was  empowered  to  prepare  the  volume  for  publication. 
The  editorial  supervision  has  been  mainly  undertaken  by  Professor 
Joseph  S.  Ames. 

In  deciding  upon  the  scope  of  the  proposed  volume,  it  was  thought 
best  to  include  only  the  distinctly  physical  papers,  inasmuch  as  Pro- 
fessor Rowland  himself  on  several  occasions  when  the  question  of  the 
collection  of  his  scientific  pa^rs  was  raised,  had  expressed  himself  as 
opposed  to  the  republication  of  the  purely  mathematical  ones.     It  was 
also  decided  to  omit  tables  of  wave-lengths,  as  these  are  extremely 
bulky,  and  copies  can  be  easily  obtained.     Professor  Rowland  left  many 
thousand  pages  of  manuscript  notes  and  outlines  of  lectures,  but  none 
of  this  material  was  ready  for  publication,  and  the  committee  were  not 
in  a  position  to  undertake  the  task  of  its  preparation.     N'o  attempt  has 
hen  made  to  include  a  biography  of  Professor  Rowland,  for  this  would 

■ 

]>roperly  form  a  volume  by  itself,  and  would  require  much  time  for  its 
}ire[>a ration.  There  was  at  hand,  moreover,  the  memorial  address  of 
Dr.  Mendenhall,  which  tells  so  well,  though  briefly,  the  story  of  his  life. 


vi  Pheface 

It  was  with  difficulty,  and  only  after  a  careful  examination  of  many 
hundred  volumes  of  scientific  journals  and  transactions,  that  the  com- 
mittee were  able  to  obtain  copies  of  all  of  Professor  Rowland's  numerous 
and  scattered  articles;  but  they  are  convinced  that  no  paper  of  import- 
ance has  escaped  their  notice.  In  preparing  for  publication  these  me- 
moirs  and  addresses,  no  alterations  other  than  typographical  have  been 
made. 

For  permission  to  reprint  some  of  the  most  valuable  papers,  thanks 
are  due  to  various  publishers.  The  committee  wish  especially  to  express 
their  appreciation  of  the  kindness  of  Messrs.  A.  and  C.  Black,  and  of 
The  Times  (London)  for  permission  to  reprint  from  the  Encyclopaedia 
Britannica  the  articles  on  "  The  Screw  "  and  on  "  Diffraction  Gratings," 
and  of  the  Engineering  Magazine  Company,  of  New  York,  for  permis- 
sion to  reprint  the  article  on  "  Modem  Theories  as  to  Electricity.'' 

The  committee  acknowledge  their  indebtedness  also  to  Mr.  N.  Mur- 
ray, Librarian  of  The  Johns  Hopkins  University,  who  has  personally 
superintended  the  details  of  publication,  and  whose  advice  has  been 
often  needed.  The  proofs  have  been  revised  by  Mr.  E.  P.  Hyde,  Fellow 
in  The  Johns  Hopkins  University,  who  has  thus  been  of  the  greatest 
assistance  to  the  committee. 

The  Johns  Hopkins  University, 

Baltimore,  Maryl.and, 

December  1,  1908. 
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In  reviewing  the  ecientifie  work  of  Professor  Rowland  one  is  most 
impre^st^d  by  its  originality.  In  quantity,  a&  measured  by  printed  page 
ur  catalo^e  of  titles,  it  lias  been  exceeded  by  many  of  tiis  contem- 
ponrie«;  in  quality  it  is  equalled  by  that  of  only  a  very,  very  small 
group.  The  entire  collection  of  his  important  papers  does  not  exceed 
thirty  or  forty  in  number  and  his  unimportant  papers  were  few.  When, 
at  the  unprecedentedly  early  age  of  thirty-three  years,  he  was  elected 
to  membership  in  the  National  Academy  of  Sciences,  the  list  of  his 
pnbli&bed  contributionB  to  science  did  not  contain  over  a  dozen  titlee, 
bat  any  one  of  not  less  than  a  half-dozen  of  these,  including  what  may 
properly  be  called  his  very  first  original  investigation,  was  of  such 
quality  as  to  fully  entitle  him  to  the  distinction  then  conferred. 

Fortunately  for  him,  and  for  science  as  well,  he  lived  during  a  period 
of  almost  unparalleled  intellectual  activity,  and  his  work  was  done 
daring  the  last  quarter  of  that  century  to  which  we  shall  long  turn 
with  admiration  and  wonder.  During  these  twenty-five  years  the  num- 
ber of  industrious  ciiltivators  of  his  own  favorite  field  increased  enor- 
mously, due  in  large  measure  to  the  stimulating  effect  of  his  own  cnthu- 
riasm,  and  while  there  was  only  here  and  there  one  possessed  of  the 
dirint  afflatits  of  true  genius,  there  were  many  ready  to  labor  most  assid- 
nously  in  fostering  the  growth,  development,  and  final  fruition  of  germs 
which  genius  utopped  only  to  plant.  A  proper  estimate  of  the  magni- 
tude and  extent  of  Rowland's  work  would  require,  therefore,  a  careful 
nination,  analytical  and  historical,  of  the  entire  mass  of  contribu- 
tinne  to  phyeioal  science  during  the  past  twenty-five  years,  many  of 
bb  own  being  fundnmf^iital  in  character  and  far-reaching  in  their  influ- 
«ipe  upon  the  trend  of  thought,  in  theory  and  in  practice.     But  it  was 
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quality,  not  quantity,  that  be  himself  most  esteemed  in  any  [ 
ance;  it  was  quality  that  always  commanded  his  admiration  or  excited 
him  to  keenest  criticism;  no  one  recognized  more  quickly  than  he  ■ 
real  gem,  however  minute  or  fragmentary  it  might  be,  and  by  quality 
rather  than  by  quantity  we  prefer  to  judge  his  work  to-day,  as  he  would 
himself  have  chosen. 

Rowland's  first  contribution  to  the  literature  of  science  took  the 
form  of  a  letter  to  The  Scientific  American,  written  in  the  early  Autmnn, 
of  18G5,  when  he  was  not  yet  seventeen  years  old.  Much  to  his  sur- 
prise this  letter  was  printed,  for  he  says  of  it,  "  I  wrote  it  as  a  kind  of 
joke  and  did  not  expect  them  to  publish  it."  Neither  its  humor  nor 
its  sense,  in  which  it  was  not  lacking,  seems  to  have  been  appreciated 
by  the  editor,  for  by  the  admission  of  certain  typographical  errors  hft 
practically  destroyed  both.  The  embryo  physicist  got  nothing  but  » 
little  quiet  amusement  out  of  this,  but  in  a  letter  of  that  day  he  de- 
clares his  intention  of  some  time  writing  a  sensible  article  for  the 
journal  that  so  unexpectedly  printed  what  he  meant  to  be  otherwise^ 
This  resolution  he  seems  not  to  have  forgotten,  for  nearly  sis  years 
later  there  appeared  in  its  columns  what  was,  as  far  as  is  known,  hia 
second  printed  paper  and  his  first  serious  public  discussion  of  a  scientifi 
question.  It  was  a  keen  criticism  of  an  invention  which  necessarilj; 
involved  the  idea  of  perpetual  motion,  in  direct  conflict  with  the  great 
law  of  the  Conservation  of  Energy  which  Rowland  had  already  grasped. 
It  was,  as  might  be  expected,  thoroughly  well  done,  and  received  not  | 
little  complimentary  notice  in  other  journals.  This  was  in  1871, 
year  following  that  in  which  he  was  graduated  as  a  Civil  Engineer  from 
the  Rensselaer  Polytechnic  Institute,  and  the  article  was  written  wbila 
in  the  field  at  work  on  a  preliminary  railroad  survey.  A  year  latoij 
having  relumed  to  the  Institute  as  instructor  in  physics,  he  published 
in  the  Jovrnal  of  the  Franklin  ItislituU  an  article  entitled  "IHuRtr* 
tions  of  Resonances  and  Actions  of  a  Similar  Nature,"  in  which  he 
described  and  discussed  various  examples  of  resonance  or  "  sympi' 
thetic  "  vibration.  This  paper,  in  a  way,  marks  his  admission  to  th( 
ranks  of  professional  students  of  science  and  may  be  properly  < 
sidered  as  his  first  formal  contribution  to  scientific  literature;  his  \bi 
was  an  exhaustive  article  on  spectroscopy,  a  subject  of  which  he,  abon 
all  others,  was  master,  prepared  for  a  new  edition  of  the  Eneyelop^pdil 
Britannira,  not  yet  published.  Early  in  1873  the  American  Journal  o 
Science  printed  a  brief  note  by  Rowland  on  the  spectrum  of  the  Aaron 
sent  in  response  to  a  kindly  and  always  appreciated  letter  from  1 
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lor  George  F.  Barker,  one  of  the  editors  of  that  journal.     It  is  inter- 
ig  as  markiBg  the  beginning  of  his  optical  work.     For  a  year,  or 
■haps  for  Beveral  years  previous  to  this  time,  however,  he  had  been 
\]y  engaged  on  what  proved  to  be,  in  its  influence  upoo  his  future 
T,  the  most  important  work  of  his  life.     To  climb  the  ladder  of 
lUtation   and  success  by  simple,  easy  steps  might  have  contented 
iwland,  but  it  would  have  been  quite  out  of  harmony  with  his  boM 
irit,  bis  extraordinary  power  of  analysis  and  bis  quick  recognition  of 
te  relation  of  things.     By  the  aid  of  apparatus  entirely  of  his  own 
construction  and  bj  methods  of  his  own  devising,  he  had  made  an  inves- 
tigstiOD  both  theoretical  and  experimental  of  the  magnetic  permea- 
bility and   the  maximum  magnetization   of  iron,  steel  and  nickel,  a 
fubject  in  which  he  had  been  interested  in  his  boyhood.     On  June  9, 
1873,  in  a  letter  to  hia  sister,  he  says:  "  I  have  just  sent  off  the  results 
ol  my  experimentB  to  the  publisher  and  expect  considerable  from  it; 
not,  however,  filthy  lucre,  hut  good,  substantial  reputation."     What 
he  did  get  from  it,  at  first,  was  only  disappointment  and  discourage- 
ment   It  was  more  than  once  rejected  because  it  was  not  understood, 
and  Snally  he  ventured  to  send  it  to  Clerk  Maxwell,  in  England,  by 
whose  keen   insight  and  profound  knowledge  of  the  subject  it  was 
injtantly  recognized  and  appraised  at  its  full  value.     Regretting  that 
the  temporary  suspension  of  meetings  made  it  impossible  for  him  to 
present  the  paper  at  once  to  the  Royal  Society,  Maxwell  said  he  would 
■Jo  the  neit  beat  thing,  which  was  to  send  it  to  the  Philosophical  Haga- 
m'm  for  immediate  publication,  and  in  that  journal  it  appeared   in 
Angnst,  1873,  Maxwell  himself  having  corrected  the  proofs  to  avoid 
iflay.    The   importance   of   the   paper   was   promptly   recognized  by 
European  physicists,  and  abroad,  if  not  at  home,  Rowland  at  once  took 
liigh  rank  aa  an  investigator. 

In  this  rraearch  he  unquestionably  anticipated  all  others  in  the  dis- 
cwery  and  announcement  of  the  beautifully  simple  law  of  the  magnetic 
Mcuit,  the  magnetic  analogue  of  Ohm's  law,  and  thus  laid  the  founda- 
tion for  the  accurate  measurement  and  study  of  magnetic  permea- 
liility,  the  importance  of  which,  both  in  theory  and  practice  during 
fwent  years,  it  is  difficult  to  overestimate.  It  has  always  seemed  to 
»( that  when  consideration  is  given  to  his  age,  his  training,  and  the 
f"nilitiona  nnder  which  his  work  was  done,  this  early  paper  gives  a 
httter  measure  of  Rowland's  genius  than  almost  any  performance  of 
■lis  liper  years.  During  the  neit  year  or  two  he  continued  to  work 
ilong  the  same  lines  in  Troy,  publishing  not  many,  but  occasional, 
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additions  to  and  developments  of  his  first  magnetic  researcti.  There 
WU8  aiso  a  i>aper  in  which  he  discuesed  Kohlrausch's  determination  tA 
the  absolute  value  of  the  Siemens  unit  of  electrical  resistance,  for*- 
shadowing  the  important  part  which  he  was  to  play  in  later  years  in  thw 
final  establislinient  of  standards  for  electrical  measurement, 

lu  1ST2,  having  been  appointed  to  the  professorship  of  physics  is 
the  Johns  Hopkins  University,  the  faculty  of  which  was  just  then 
being  organized,  he  visited  Europe,  spending  the  better  part  of  a  year 
in  the  various  centres  of  scientific  activity,  including  several  months  at 
Jierlin  in  the  laboratory  of  the  greatest  Continental  physicist  of  hia 
lime,  von  Helmholtz.  While  there  he  made  a  very  important  investir 
gation  of  the  magnetic  effect  of  moving  electrostatic  charges,  a  questlt 
of  first  rank  in  theoretical  interest  and  significance.  His  manner 
planning  and  executing  this  research  made  a  marked  impression  u| 
the  distinguished  Director  of  the  laboratory  in  which  it  was  done, 
indeed,  upon  all  who  had  any  relations  with  Rowland  during  its,  pi 
gress.  He  found  what  von  Helmholtz  himself  had  sought  for 
and  when  the  investigation  was  finished  in  a  time  which  seemed  inci 
ibly  short  to  his  more  deliberate  and  painstaking  associates,  the  Director 
not  only  paid  it  the  compliment  of  an  immediate  presentation  to  tiw 
Rurlin  Academy,  but  voluntarily  met  all  expenses  connected  with  itft 
execution. 

The  publication  of  this  research  added  much  to  Rowland's  rapidljT'' 
growing  rvpiilation,  and  beoaose  of  that  fact,  as  well  as  on  accoont  o{E 
its  intrinsic  value,  it  is  important  to  note  that  his  conclusions  b&«9 
be«»  held  in  question,  with  varying  degrees  of  confidence,  from  the  <lig 
of  their  announcement  to  the  present.  The  experiment  is  one  of  gtetl 
difficulty  and  the  effect  to  be  looked  for  is  very  small  and  therefon 
likely  to  be  lost  among  unrecognized  instrumental  and  observationij 
errors^  It  was  characteristic  of  Rowland's  gcnios  that  with  compan- 
tively  crude  apparatus  he  got  at  the  truth  of  the  thing  in  the  very  start; 
Others  who  have  attempted  to  repeat  his  work  have  not  been  uniformly 
9ucM6sfuU  sonn'  of  thorn  obtaining  a  wholly  negative  result,  even  vhM 
using  apparatus  apparently  more  complete  and  effective  than  that  fini 
cwiployed  by  Rowland.  Such  was  the  experience  of  Lecher  in  1884 
but  in  1S8S  Rwnlgi'ii  confinaed  Rowland's  experiments,  detecting  tlio 
existence  of  the  alU-gvd  effect-  The  reenlt  j;e«ming  to  be  in  doubt. 
Rowland  himwif,  assisted  by  Hutchinson,  in  18S9  took  it  up  agaiXl 
wing  ess«ntiallT  his  original  method  bnt  emploving  more  elaborate 
niuiitive>  ap]<4ir«tus.     Th<'y  not  only  confirmed  the  early  experimt 
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Pbat  *rt're  «blo  to  show  thnt  the  resuils  were  in  tolerably  close  agreemenl 
I  with  L<ompnted  values.     The  repetition  of  the  experiment  by  Hinistedt 
in  the  tame  year  resulted  in  the  eanie  way,  but  in  1897  the  genuineness 
of  the  phenomenon  was  again  called  in  question  by  a  series  of  experi- 
I  tueoti  made  at  the  suggestion  of  Lippniann,  who  had  proposed  a  study 
I  of  Iho  reciprocal  of  the  Rowland  effect,  according  to  which  variations 
I   of  a  nutgnetic  field  sliould  produce  a  movement  of  an  electrostatics  Sly 
I  rharged  body.     This  investigation,  carried  out  by  Ci'^mieu,  gave  an 
I  k1w>lutely  negative  result,  and  because  the  method  was  entirely  differ- 
ent from  that  employed  by  Rowland  and,  therefore,  unlikely  to  be 
raliject  to  the  same  Hj-stematic  errors,  it  naturally  had  much  weight 
irith  those  who  doubted  his  original  conclusions.     Realizing  the  necea- 
Bity  for  additional  evidence  in  corroboration  of  his  views,  in  the  Fall 
1  of  the  yvar  IBOO.  the  problem  was  again  attacked  In  his  own  laboratory 
and  be  had  the  satisfaction,  only  a  short  time  before  his  death,  of 
setiag  a  complete  confirmation  of  the  results  he  had  announced   a 
tfcuirttir  of  a  century  earlier,  concerning  which,  however,  there  had 
never  been  the  slightest  doubt  in  his  own  mind.     It  is  a  further  satis- 
faction to  his  friends  to  know  that  a  very  recent  investigation  at  the 
Jefferson  Physical  Laboratory  of  Harvard  University,  in  which  Row- 
land's methods  were  modified  bo  as  to  meet  effectively  the  objections 
made  by  his  critics,  has  resulted  in  a  complete  verification   of  his 
conclnnons. 

On  hia  retom  from  Europe,  in  1876.  his  time  was  much  occupied 

with    the  beginning  of  the   active   duties   of   his  professorship,   and 

especially  in  putting  in  order  the  equipment  of  the  laboratory  over 

which  he  was  to  preside,  much  of  which  he  had  ordered  while  in  Europe. 

In  its  arrangement  great,  many  of  his  friends  thought  undue,  promi- 

I  ne»c«  waa  given  to  the  workshop,  its  machinery,  tools,  and  especially 

'  the  men  who  were  to  be  employed  in  it.     He  planned  wisely,  however, 

I   for  he  meant  to  see  to  it  that  much,  perhaps  most,  of  the  work  under 

I  his  direction  should  be  in  the  nature  of  original  investigation,  for  the 

•n<v»swfu]  execution  of  which  a  well-manned  and  equipped  workshop  is 

worth  more  than  a  storehouse  of  apparatus  already  designed  ami  used 

b>-  (ith«rs. 

He  nhortly  found  leisure,  however,  to  plan  an  elaborate  research  upon 

the  Mechanical  Equivalent  of  Heat,  and  to  design  and  pupervisp  the 

cMMtmction  of  the  necessary  apparatus  for  a  dctonnination  of  the 

nmnerioil  value  of  this  most  important  physical  constant,  whii^h  he 

\  determined  ehonld  he  exhaustive  in  character  and.  for  some  time  to 
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come,  at  least,  definitive.  While  this  work  tacked  the  elements  of 
originality  and  boldness  of  inception  by  which  many  of  hia  principal 
researchea  are  characterized,  it  was  none  the  less  important.  While 
doing  over  again  what  others  had  done  before  him,  he  meant  to  do  it, 
and  did  do  it,  ou  a  scale  and  in  a  way  not  before  attempted.  It  was  one 
of  the  great  eoEstants  of  nature,  and,  besides,  the  experiment  was  one 
surrounded  by  difficulties  so  many  and  so  great  that  few  possessed  the 
courage  to  undertake  it  with  the  deUberate  eipectation  of  greatly  ex- 
celling anything  before  accomplished.  These  things  made  it  attractive 
to  Rowland, 

The  overthrow  of  the  materialiBtie  theory  of  heat,  accompanied  as 
it  was  by  the  experimental  proof  of  its  real  nature,  namely,  that  it  is 
essentially  molecular  energy,  laid  the  foundation  for  one  of  those  two 
great  generalizations  in  science  which  will  ever  constitute  the  glory  of 
the  nineteenth  century.  The  mechanical  equivalent  of  heat,  the  num- 
ber of  units  of  work  necessary  to  raise  one  pound  of  water  one  degree 
in  temperature,  has,  with  much  reason,  been  called  the  Golden  Number 
of  that  century.  Its  determination  was  begun  by  an  American,  Count 
Bumford,  and  finished  by  Rowland  nearly  a  hundred  years  later.  In 
principle  the  method  of  Rowland  was  essentially  that  of  Rumford. 
The  first  determination  was,  as  we  now  know,  in  error  by  nearly  40 
per  cent;  the  last  is  probably  accurate  within  a  small  fraction  of  1  per 
cent.  Rumford  began  the  work  in  the  ordnance  foundry  of  the  Elector 
of  Bavaria  at  Munich,  converting  mechanical  energy  into  heat  by  means 
of  a  blunt  boring  tool  in  a  cannon  surrounded  by  a  definite  quantity 
of  water,  the  rise  in  temperature  of  which  could  be  measured.  Rowland 
finished  it  in  an  eetablishment  founded  for  and  dedicated  to  the  in- 
crease and  diffusion  of  knowledge,  aided  by  all  the  resources  and  refine- 
ments in  measurement  which  a  hundred  years  of  exact  science  had 
made  possible.  As  the  mechanical  theory  of  heat  was  the  germ  out 
of  which  grew  the  principle  of  the  conservation  of  energy,  an  exact 
determination  of  the  relation  of  work  and  heat  was  necessary  to  a 
rigorous  proof  of  that  principle,  and  Joule,  of  Manchester,  to  whom 
belongs  more  of  the  credit  for  this  proof  than  to  any  other  one  man  or, 
perhaps,  to  all  others  put  together,  experimented  on  the  mechanical 
equivalent  of  heat  for  more  than  forty  years.  He  employed  various 
methods,  finally  recurring  to  the  early  method  of  heating  water  by 
friction,  improving  on  Rumford's  device  by  creating  friction  in  the 
water  itself.  Joule's  last  experiments  were  made  in  1878,  and  moa 
of  Rowland's  work  was  done  in  the  year  following.    It  excelled  t 
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nle,  not  only  in  the  magnitude  of  the  quantities  to  be  observed,  but 
^ially  in  the  greater  attention  given  to  the  matter  of  thermometry. 
t  common  with  Joule  and  other  previous  investigators,  he  made  use 
I  mercury  thermometers,  but  this  was  only  for  convenience,  and  they 
rere  constantly  compared  with  an  air  thermometer,  the  results  being 
bally  reduced  to  the  absolute  scale.  By  experimenting  with  water  at 
SSeient  initial  temperatures  he  obtained  slightly  different  values  for 
be  mechanical  equivalent  of  heat,  thus  establishing  beyond  questiou 
the  variability  of  the  specific  heat  of  water.  Indeed,  so  carefully  and 
iccnrately  was  the  esperiment  worked  out  that  he  was  able  to  draw 
the  variation  curve  and  to  show  the  existence  of  a  minimum  value  at 
30  degrees  C. 

This  elaborate  and  painstaking  research,  which  is  now  clasBical,  was 
everywhere  awarded  high  praise.  It  was  published  in  full  by  the  Amer- 
ican Academy  of  Arts  and  Sciences  with  the  aid  of  a  fund  originally 
MtabtiEhed  by  Count  Eumford,  and  in  1881  it  was  crowned  as  a  prize 
e*say  by  the  Venetian  Institute.  Its  conclusions  have  stood  the  test 
of  twenty  years  of  comparison  and  criticism. 

In  the  meantime,  Rowland's  interest  had  been  drawn,  largely  per- 
haps through  his  association  with  his  then  colleague.  Professor  Haat- 
ings,  toward  the  study  of  light.  He  was  an  early  and  able  fxponc-tit 
of  Maxwell's  Magnetic  Theory  and  he  published  important  theoretical 
iitcoasions  of  electro-magnetic  action.  Recognizing  the  paramount  im- 
portance of  the  spectrum  as  a  key  to  the  solution  of  problems  in  ether 
physics,  he  set  about  improving  the  methods  by  which  it  was  produced 
iml  studied,  and  was  thus  led  into  what  will  probably  always  be  re- 
garded Bs  his  highest  scientific  achievement. 

At  that  time,  the  almost  universally  prevailing  method  of  studying 
the  Bpeptrom  was  by  means  of  a  prism  or  a  train  of  prisma.  But  the 
pinnatic  spectrum  is  abnormal,  depending  for  its  character  largely 
npon  the  material  made  use  of.  The  normal  spectrum  as  produced  by 
»  grsttDg  of  fine  wires  or  a  close  ruling  of  fine  lines  on  a  plane  reflect- 
™l  OT  transparent  surface  had  been  known  for  nearly  a  hundred  years, 
I  m  the  colors  produced  by  scratches  on  polished  surfaces  were  noted 
I  vj  Bobert  Boyle,  more  than  two  hundred  years  ago,  Thomas  Young 
fc^  V  inertly  explained  the  phenomenon  according  to  the  undulatory 
r^m  "Wrf  td  light,  and  gratmgs  of  fine  wire  and,  later,  of  rulings  on  glass 
B^'l  ^"i«*ty  TVaunhofer  who  made  the  first  great  study  of  the  dark 
»*  1  W  °'  ^^  ''°'*''  ^l'^*^^™"-  Imperfect  as  these  gratings  were,  Fraun- 
gj^j^l        « succreded  in  making  vrith  them  some  remarkably  good  measures 
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of  the  length  of  light  waves,  and  it  was  everywhere  admitted 
the  most  precise  spectrum  measurements  they  were  indispensable.  In 
their  constructiou,  however,  there  were  certain  mechanical  dit&cultiea 
which  seemed  for  a  time  to  be  insuperable.  There  was  no  special 
trouble  in  ruling  lines  as  close  together  as  need  be;  indeed,  Nobert,  who. 
was  long  the  most  successful  maker  of  ruled  gratings,  had  succeeded  in 
putting  as  many  aa  a  hundred  thousand  in  the  space  of  a  single  inch. 
The  real  difficulty  was  in  the  lack  of  uniformity  of  spacing,  and  on 
uniformity  depended  the  perfection  and  purity  of  the  spectrum  pro- 
duced. Nobert  jealously  guarded  his  machine  and  method  of  ruling 
gratings  as  a  trade  secret,  a  precaution  hardly  worth  taking,  for  before 
many  years  the  best  gratings  in  the  world  were  made  in  the  United 
States.  More  than  thirty  years  ago  an  amateur  astronomer,  in  New 
York  City,  a  lawyer  by  profession,  Lewis  M.  Butherfurd,  became  inter- 
ested in  the  subject  and  built  a  ruling  engine  of  his  own  design.  In 
this  machine  the  motion  of  the  plate  on  which  the  lines  were  ruled 
was  produced  at  first  by  a  somewhat  complicated  set  of  levers,  for  which 
a  carefully  made  screw  was  afterwards  substitnted.  Aided  by  the  skill 
and  patience  of  his  mechanician,  Chapman,  Butherfurd  continued  to 
improve  the  construction  of  his  machine  until  he  was  able  to  produce 
gratings  on  glass  and  on  speculum  metal  far  superior  to  any  made  in 
Europe.  The  best  of  them,  however,  were  still  faulty  in  respect  to 
uniformity  of  spacing,  and  it  was  impossible  to  cover  a  space  exceeding 
two  or  three  square  inches  in  a  satisfactory  manner.  When  Bowland 
took  up  the  problem,  he  saw,  as,  indeed,  others  had  seen  before  him. 
that  the  dominating  element  of  a  ruling  machine  was  the  screw  by 
means  of  which  the  plate  or  cutting  tool  was  moved  along.  The  ruled 
grating  would  repeat  all  of  the  irregularities  of  this  screw  and  would 
be  good  or  bad  just  as  theKe  were  few  or  many.  The  problem  waa, 
then,  to  make  a  screw  which  would  be  practically  free  from  periodic 
and  other  errors,  and  upon  this  problem  a  vast  amount  of  thought  and 
experiment  had  already  been  expended.  Rowland's  solution  of  it  waa 
characteristic  of  his  genius;  there  were  no  easy  advances  through  a 
series  of  experiments  in  which  success  and  failure  mingled  in  varj-ing 
proportions;  "firo  and  fall  back"  was  an  order  which  he  neither  gave 
nor  obeyed,  capture  by  storm  being  more  to  his  mind.  He  was  hy 
nature  a  mechanician  of  the  highest  type,  and  he  was  not  long  in  devis- 
ing a  method  for  removing  the  irregularities  of  a  screw,  which  aston- 
ished everybody  by  its  simplicity  and  by  the  all  but  absolute  perfection 
of  its  results.     Indeed,  the  very  first  screw  made  by  this  process 
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to-dny  as  the  most  perfect  in  the  world.  But  such  an  engine  as  this 
might  only  be  worked  up  to  its  highest  efficiency  under  the  most  favor- 
able physical  conditions,  and  in  itt  installation  and  use  the  most  careful 
attention  was  given  to  the  elimination  of  errors  due  to  variatioo  of  tern- 
ptrature,  earth  tremors,  and  other  disturbances.  Not  content,  how- 
I'ver,  with  perfecting  the  machinery  by  which  gratings  were  ruled,  Row- 
land proceeded  to  improve  the  form  of  the  grating  itself,  making  the 
(xpital  diseoTery  of  the  concave  grating,  by  means  of  which  a  large 
part  of  the  complex  and  otherwise  troublesome  optical  accessories  to 
the  diffraction  spectroscope  might  be  dispensed  with.  Calling  to  his 
aid  tfav  wonderful  skill  of  Brashear  in  making  and  polishmg  plane  and 
concave  surfaces,  as  well  as  the  ingenuity  and  patience  of  Schneider, 
for  so  many  years  his  intelligent  and  loyal  assistant  at  the  lathe  and 
workbench,  he  began  the  manufacture  and  distribution,  all  too  slowly 
for  the  anxious  demands  of  the  scientific  world,  of  those  beautifully 
simple  ingtruments  of  precision  which  have  contributed  so  much  to 
the  advance  of  physical  science  during  the  past  twenty  years.  While 
willing  and  anxious  to  give  the  widest  possible  distribution  to  these 
gratings,  thus  giving  everjTvhere  a  new  impetus  to  optical  research, 
Rowland  meant  that  the  principal  spoils  of  the  victory  should  be  his, 
and  to  this  end  Jie  constructed  a  diffraction  spectrometer  of  extra- 
ordinary dimensions  and  began  his  classical  researches  on  the  Solar 
Spectrum.  Finding  photography  to  he  the  best  means  of  reproducing 
the  delicate  spectral  lines  shown  hy  the  concave  grating,  he  became  at 
once  an  ardent  student  and,  shortly,  a  master  of  that  art.  The  out- 
come of  this  was  that  wonderful  "Photographic  Map  of  the  Normal 
Solar  Spectrum,"  prepared  hy  the  use  of  concave  gratings  six  inches 
in  diameter  and  twenty-one  and  a  half  feet  radius,  which  is  recognized 
aa  a  (ttandard  everywhere  in  the  world.  As  a  natural  supplement  to 
this  he  directed  an  elaborate  investigation  of  absolute  wave-lengths, 
undertaking  to  give,  finally,  the  wave-length  of  not  only  every  line  of 
the  solar  spectrum,  but  also  of  the  hright  tines  of  the  principal  ele- 
ments, and  n  large  part  of  this  monumental  task  is  already  completed, 
moaUy  by  Rowlaud's  pupils  and  in  his  laboratory, 

time  will  not  allow  further  expositions  of  the  important  conse- 
qnenoes  of  his  invention  of  the  ruling  engine  and  the  concave  grating. 

Indeed,  the  limitations  to  which  I  must  submit  compel  the  omission 
at  even  brief  mention  of  many  interesting  and  valuable  investigations 
relating  to  other  snbjecta  begun  and  finished  during  these  years  of 
aetirity  in  optical  research,  many  of  them  by  Rowland  himself  and 
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many  of  them  by  his  pupils,  worlring  out  his  suggestions  and  con 
stantly  stimiilated  by  his  enthusiasm,     A  list  of  titles  of  papers  ema- 
nating from  the  physica!  laboratory  of  the  Johns  Hopkins  Uni7ersity 
during  this  period  would  show  somewhat  of  the  great  intellectual  fertil- 
ity  which  its  director  inspired,  and  would  show,  especially,  his  continuf 
interest  in  magnetism  and  electricity,  leading  to  his  important  " 
gations  relating  to  electric  units  and  to  his  appointment  as  one  of  thi 
United  States  Delegates  at  important  International  Conventions  f( 
the  better  determination  and  definition  of  these  units.     In  1883  a  com- 
mittee appointed  by  the  Electrical  Congress  of  1881,  of  which  Rowland 
was  a  member,  adopted  106  centimetres  as  the  length  of  the  mercury 
column  equivalent  to  the  absolute  ohm,  bat  this  was  done  against  his 
protest,  for  his  own  measurements  showed  that  this  was  too  small  by 
jibout  three-tenths  of  one  per  cent.     His  judgment  was  confirmed  by 
the  Chamber  of  Delegates  of  the  International  Congress  of  1893,  of 
which  Rowland  was  himself  President,  and  hy  which  defmitive  Taloi 
were  given  to  a  system  of  international  units. 

Rowland's  interest  in  applied  science  cannot  be  passed  over,  for 
was  constantly  showing  itself,  often,  perhaps,  unbidden,  an  unconscioi 
bursting  forth  of  that  strong  engineering  instinct  which  was  born 
him,  to  which  he  often  referred  in  familiar  discourse,  and  which  would' 
unquestionably  have  brought  him  great  Buceeas  and  distinction  had  he 
allowed  it  to  direct  the  course  of  bis  Ufe.  Although  everyishere  looked 
upon  as  one  of  the  foremost  exponents  of  pure  science,  his  ability  as  an 
engineer  received  frequent  recognition  in  his  appointment  as  expert 
and  counsel  in  some  of  the  most  important  engineering  operations  in 
the  latter  part  of  the  century.  He  was  an  inventor,  and  might  easily 
have  taken  first  rank  as  such  had  he  chosen  to  devote  himself  to  that 
sort  of  work.  During  the  last  few  years  of  his  life  he  was  much  occu- 
pied with  the  study  of  alternating  electric  currents  and  their  applica- 
tion to  a  system  of  rapid  telegraphy  of  his  own  invention.  A  year  ago- 
his  system  received  the  award  of  a  grand  prix  at  the  Paris  Exposition^ 
and  only  a  few  weeks  after  his  death  the  daily  papers  published  cable- 
grams from  Berlin  announcing  its  complete  success  as  tested  between, 
Berlin  and  Hamburg,  and  also  the  intention  of  the  German  Postal! 
Department  to  make  extensive  use  of  it. 

But  behind  Rowland,  the  profound  scholar  and  original  investigator, 
the  engineer,  mechanician  and  inventor,  was  Rowland  the  man.  gndt 
any  estimate  of  his  influence  in  promoting  the  interests  of  phyaici 
science  during  the  last  quarter  of  the  nineteenth  century  would 
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[aite  inadequate  if  not  made  from  that  point  of  view.  Bom  at  Hones- 
Isle,  Pennsylvania,  on  November  27,  1848,  he  had  the  misfortune,  at 
the  age  of  11  years,  to  lose  hie  father  by  death.  This  lose  was  made 
pood,  as  far  as  it  is  possible  to  do  so,  by  the  loving  care  of  mother  and 
peters  during  the  years  of  hia  boyhood  and  youthful  manhood.  From 
Us  father  he  inherited  his  love  for  scientific  study,  which  from  the  very 
first  seems  to  have  dominated  all  of  his  aspirations,  directing  and  con- 
boUing  most  of  his  thoughts.  His  father,  grandfather,  and  great- 
grandfather were  all  clergymen  and  graduates  of  Yale  College.  His 
father,  who  is  described  ae  one  "  interested  in  chemistry  and  natural 
ifhilosophy,  a  lover  of  nature  and  a  successful  trout-fisherman,"  had 
felt,  in  his  early  youth,  some  of  the  desires  and  ambitions  that  after- 
ward determined  the  career  of  his  distinguished  son,  hut  yielding,  no 
doabt,  to  the  influence  of  family  tradition  and  desire,  he  followed  the 
lead  of  his  ancestors.  It  is  not  unlikely,  and  it  would  not  have  been 
unreasonable,  that  similar  hopes  were  entertained  in  regard  to  the 
future  of  young  Henry,  and  his  preparatory  school  work  was  arranged 
»ith  this  in  view.  Before  being  sent  away  from  home,  however,  he  had 
quite  given  himself  up  to  chemical  experiments,  glass-blowing  and  other 
■imflar  occupations,  and  the  members  of  his  family  were  often  sum- 
moned by  the  enthusiastic  boy  to  listen  to  lectures  which  were  fully 
illustrated  by  experiments,  not  always  free  from  prospective  danger. 
Hie  spare  change  was  invested  in  copper  wire  and  the  like,  and  his  first 
fiTe-3ollai  bill  brought  him,  to  his  infinite  delight,  a  small  galvanic 
Urtery.  The  sheets  of  the  Netv  York  Observer,  a  treasured  family 
newspaper,  he  converted  into  a  huge  hot-air  balloon,  which,  to  the 
Mtonishment  of  his  family  and  friends,  made  a  brilliant  ascent  and 
Bight,  coming  to  rest,  at  last,  and  in  flames,  on  the  roof  of  a  neighbor- 
ing house,  and  resulting  in  the  calling  out  of  the  entire  fire  department 
"1  the  town.  When  urged  by  his  boy  friends  to  hide  himself  from 
Ine  rather  threatening  consequences  of  his  first  experiment  in  aero- 
TianticB,  he  courageously  marched  himself  to  the  place  where  his  balloon 
nad  fallen,  saying,  "  N'o!  I  will  go  and  see  what  damage  I  have  done." 
^en  a  Utile  more  than  sixteen  years  old,  in  the  spring  of  1865,  he 
»M  sent  to  Phillips  Academy  at  Andover,  to  be  fitted  for  entering  the 
I  *«*^en>ic  couiM  at  Yale.  His  time  there  was  given  entirely  to  the 
Jlady  at  Latin  and  Greek,  and  he  was  in  every  way  out  of  harmony 
1  '''fthis  enviioninect,  He  seems  to  have  quickly  and  thoroughly  ap- 
I  l™^t«d  this  fact,  and  his  very  first  letter  from  Andover  is  a  cry  for 
1  -       0\,  iah  mt  hmt!"  h  the  boyish  scrawl  covering  the  last 
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page  of  that  letter,  on  another  of  whioh  he  aays,  "  It  is  simply  horrible;. 
T  can  never  get  on  here."  It  was  not  that  he  could  not  learn  Lalin  and 
Greek  if  be  was  so  minded,  bnt  that  be  bad  long  ago  become  wholly 
absorbed  in  the  love  of  nature  and  in  the  study  of  nature's  laws,  and 
the  whole  situation  was  to  his  ambitious  spirit  most  artificial  and  irk- 
some. Time  did  not  soften  his  feelings  or  lessen  his  desire  to  escapth 
from  such  uncongenial  surroundings,  and,  at  his  own  request,  Dr.  Far- 
rand,  Principal  of  the  Academy  at  Newark,  New  Jersey,  to  which  city 
the  family  had  recently  removed,  was  consulted  as  to  what  ought  to- 
be  done.  Fortunately  for  everybody,  his  advice  was  that  the  boy  ought 
to  be  allowed  to  follow  his  bent,  and,  at  his  own  suggestion,  he  wa.? 
sent,  in  the  autumn  of  that  year,  to  the  Rensselaer  Polytechnic  Institute' 
at  Troy,  where  be  remained  five  years,  and  from  which  he  was  graduated 
as  a  Civil  Engineer  in  1870. 

It  is  unneceBsary  to  say  that  this  change  was  joyfully  welcomed  by 
young  Rowland.  At  Andover  the  only  opportunity  that  had  offered 
for  the  exercise  of  his  skill  as  a  mechanic  was  in  the  construction  of  a. 
somewhat  complicated  device  by  means  of  which  be  outwitted  some  of 
his  schoolmates  in  an  early  attempt  to  haze  him  and  in  this  be  took 
no  little  pride.  At  Troy  he  gave  loose  rein  to  his  ardent  desires,  and 
his  career  in  science  may  almost  be  said  to  begin  with  his  entrance  upon 
bis  work  there  and  before  be  was  seventeen  years  old. 

He  made  immediate  use  of  the  opportunities  afforded  in  Troy  and 
its  neighborhood  for  the  examination  of  machinery  and  manufacturing' 
processes,  and  one  of  his  earliest  letters  to  his  friends  contained  a  clear 
and  detailed  description  of  the  operation  of  making  railroad  iron,  the- 
roUs,  shears,  saws,  and  other  special  machines  being  represented  in 
uncommonly  well  executed  pen  drawings.  One  can  easily  sec  in  this 
letter  a  full  confirmation  of  a  statement  that  be  occasionally  made  later 
in  life,  namely,  that  he  had  never  seen  a  machine,  however  complicated 
it  might  be,  whose  working  he  could  not  nt  once  comprehend.  In 
another  letter,  written  within  a  few  weeks  of  his  arrival  in  Troy,  he 
shows  in  a  remarkable  way  his  power  of  going  to  the  root  of  things 
which  even  at  that  early  age  was  sufficiently  in  evidence  to  mark  him 
for  future  distinction  as  a  natural  philosopher.  On  the  river  he  saw 
two  boats  equipped  with  steam  pumps,  engaged  in  trying  to  raise  a 
half-sunken  canal  boat  by  pumping  the  water  out  of  it.  He  described 
engine?,  pumps,  etc.,  in  much  detail,  and  adds,  "  But  there  was  one- 
thing  that  I  did  not  like  about  it;  they  had  the  end  of  their  discharge^ 
pipe  about  ten  feet  above  the  water  so  that  they  had  to  overcome  a 
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pre«MiFV  of  about  iive  pounds  to  the  square  incii  to  raise  tlie  water  so 
high,  and  yd  they  let  it  go  after  they  got  it  there,  whereas  il  they  had 
Attached  a  pipe  to  the  eud  of  the  discharge  pipe  and  let  it  hang  down 
into  thi-  water,  the  pressure  of  water  on  that  pipe  would  just  hare 
baUnced  the  live  pounds  to  the  square  inch  iu  the  other,  so  that  they 
could  have  oBcd  larger  pumps  with  the  same  engines  ajid  thus  have  got 
mnrv  wHt«r  out  in  a  given  time." 

The  facilities  for  learning  physics,  in  his  day,  at  the  Rensselaer  Poly- 
technic Institute  were  none  of  the  best,  a  fact  which  is  made  the  subject 
of  keen  criticism  in  his  home  correspondence,  but  he  made  the  most  of 
wliaterer  was  available  and  created  opportunity  where  it  was  lacking. 
The  use  of  a  turning  lathe  and  a  few  tools  being  allowed,  he  spent  all 
of  tua  leisure  in  designing  and  constructing  physical  apparatus  of  var- 
ious kinds  with  which  he  experimented  continually.  All  of  his  spare 
luonej  goea  into  this  and  he  is  always  wishing  he  had  more.  While  he 
pars  without  grumbling  his  share  of  the  expense  of  a  class  supper,  he 
t^nnot  help  declaring  that  "  it  is  an  awful  price  for  one  night's  pleas- 
ure; why,  it  would  buy  another  galvanic  battery."  During  these  early 
years  his  pastime  was  the  study  of  magnetism  and  electricity,  and  his 
lack  ot  money  for  the  purchase  of  insulated  wire  for  electro-magnetic 
apparatus  led  him  to  the  invention  of  a  method  of  winding  naked 
cupper  wire,  which  was  later  patented  by  some  one  else  and  made 
much  of.  Within  six  months  of  his  entering  the  Institute  lie  had  made 
a  ilelicate  balance,  a  galvanometer,  and  an  electrometer,  besides  a  small 
induction  coil  and  several  minor  pieces.  A  few  weeks  later  he  an- 
nonncefl  the  finishing  of  a  Ruhmkorff  coil  of  considerable  power,  a 
Miiirce  of  much  delight  to  him  and  to  his  friends.  In  December,  186ti, 
he  began  the  construction  of  a  small  but  elaborately  designed  steam 
eo^ne  which  ran  perfectly  when  completed  and  furnished  power  for 
his  experiments.  .\  year  later  he  is  full  of  enthusiasm  over  an  investi- 
gation which  he  wishes  to  undertake  to  explain  the  production  of 
electricity  when  water  comes  in  contact  with  red-hot  iron,  which  he 
attnbates  to  the  decomposition  of  a  part  of  the  water.  Along  with  all 
of  thia  and  much  more  he  maintains  a  c^nod  standing  in  his  regular  work 
in  the  Institnte,  in  some  of  which  he  is  naturally  the  loader.  He  occa- 
sionillr  writes :  — "  I  am  head  of  my  clasa  in  mathematics,"— or  "  I  lead 
the  class  in  Natural  Philosophy."  but  official  records  show  that  he  was 
now  and  then  "conditioned  "  in  subjects  in  which  he  had  no  special 
iuterent,  As  porly  as  1R(1S.  before  his  twentieth  birthday,  he  decided 
tlut  he  mast  devote  his  life  to  science.     While  not  doubting  his  ability 
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"to  make  an  excellent  engineer"  as  fae  declares,  he  decides  against 
engineering,  saying,  "  You  know  that  from  a  child  I  have  been  ex- 
tremely fond  of  experiment;  this  liking  instead  of  decreasing  has  gradu- 
ally grown  upon  me  until  it  has  become  a  piirt  of  my  nature,  and  it 
would  be  folly  for  me  to  attempt  to  give  it  up;  and  I  don't  see  any 
reason  why  I  should  wiah  it,  unless  it  be  avarice,  for  I  never  expect 
to  be  a  rich  man.  I  intend  to  devote  myself  hereafter  to  science.  If 
she  gives  me  wealth,  I  will  receive  it  as  coming  from  a  friend,  but  if 
not,  I  will  not  murmur." 

lie  realized  that  his  opportunity  for  the  pursuit  of  science  was 
becoming  a  teacher,  but  no  opening  in  this  direction  presenting  itself 
he  spent  the  first  year  after  graduation  in  the  field  as  a  civii  engineer. 
This  was  followed  hy  a  not  very  inspiring  experience  as  instructor  in 
natural  science  in  a  Western  college,  where  he  acquired,  however, 
experience  and  useful  discipline. 

In  the  spring  of  1873  he  returned  to  Troy  as  instructor  in  physics, 
on  a  Balary  the  amount  of  which  he  made  conditional  on  the  purchase 
hy  the  Institute  of  a  certain  nimiher  of  hundreds  of  dollars'  worth  of 
physical  apparatus.  If  they  failed  in  this,  as  afterward  happened,  his 
pay  was  to  be  greater,  and  he  strictly  held  them  to  the  contract.  His 
three  years  at  Troy  as  instructor  and  assistant  professor  were  busy, 
fruitful  years.  In  addition  to  his  regular  work  he  did  an  enormous 
amount  of  study,  purchasing  for  that  purpose  the  most  recent  and  most 
advanced  books  on  mathematics  and  physics.  He  built  his  electro- 
dynamometer  and  carried  out  his  first  great  research.  As  already 
stated,  Ihis  quickly  brought  him  reputation  in  Europe  and  what  he 
prized  quite  as  highly,  the  personal  friendship  of  Maxwell,  whose  ardent 
admirer  and  champion  he  remained  to  the  end  of  his  life.  In  April, 
1875,  he  wrote,  "  It  will  not  be  very  long  before  my  reputation  reaches 
this  country,"  and  he  hoped  that  this  would  bring  him  opportunity 
devote  more  of  his  time  and  energy  to  original  research. 

This  opportunity  for  which  he  so  much  longed  was  nearer  at  hand 
than  he  imagined.  Among  the  members  of  the  Visiting  Board  at  the 
West  Point  Military  Academy  in  June,  1875,  was  one  to  whom  had 
come  the  splendid  conception  of  what  was  to  be  at  once  a  revelation  and! 
8  revohition  in  methods  of  higher  education.  In  selecting  the  first 
faculty  for  an  institution  of  learning  which,  within  a  single  decadi 
to  set  the  pare  for  real  university  work  in  America,  and  whose  influence 
was  to  be  felt  in  every  school  and  colleee  of  the  land  before  the  end  of 
the  first  quarter  of  a  century.  Dr.  Oilman  was  guided  by 
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tnore  tbaa  all  elee  insured  the  success  of  the  new  enterprise. 
A  lew  worda  about  Rowland  from  Professor  Michie,  of  the  Military 
Andvniy,  led  to  his  being  called  to  West  Point  by  telegraph,  and  on 
the  buik£  of  the  Hudson  these  two  walked  and  talked,  "  he  telling  me," 
Dr.  mitoan  has  said,  "  hia  dreams  for  science  and  I  telling  him  my 
dreanid  for  higher  education."  Rowland,  with  characteristic  frank- 
ness, writes  of  this  interview,  "  Professor  Gilman  was  very  much 
pletscd  with  me,"  which,  indeed,  was  the  simple  truth.  The  engage- 
ment wits  quickly  made.  Rowland  was  sent  to  Europe  to  study  labor- 
•tones  sod  pnrcbase  apparatus,  and  the  rest  is  history,  already  told  and 
ererywhere  known. 

Rovland'a  personality  was  in  many  respects  remarkable.  Tall,  erect 
and  lithe  in  figure,  fond  of  athletic  sports,  there  was  upon  his  face  a 
cvrtain  look  of  severity  which  was,  in  a  way,  an  index  of  the  exacting 
Btandard  he  set  for  himself  and  others.  It  did  not  conceal,  however, 
what  was,  after  all,  his  most  striking  characteristic,  namely,  a  perfectly 
frank,  open  and  simple  straightforwardness  in  thought,  in  speech  and 
in  action.  His  love  of  truth  held  him  in  supreme  control,  and,  like 
GalOco,  he  had  no  patience  with  those  who  try  to  make  things  appear 
otherviae  than  aa  they  actually  are.  His  criticisms  of  the  work  of 
others  were  keen  and  merciless,  and  sometimes  there  remained  a  sting 
of  which  he  himself  had  not  the  slightest  suspicion.  "  I  would  not 
have  done  it  for  the  world,"  he  once  said  to  me  after  being  told  that 
bis  pitiless  criticism  of  a  scientific  paper  had  wounded  the  feelings  of 
its  author.  As  a  matter  of  fact  he  was  warm-hearted  and  generous,  and 
hie  Dccasionally  seeming  otherwise  was  due  to  the  complete  separation. 
In  hU  own  mind,  of  the  product  and  the  personality  of  the  author.  He 
led  that  rare  power,  habit  in  hie  case,  of  seeing  himself,  not  as 
ithers  aee  him,  but  as  he  saw  others.  He  looked  at  himself  and  his  own 
work  exactly  a«  if  he  had  been  another  person,  and  this  gave  rise  to  a 
(raokness  of  expression  regarding  his  own  performance  which  some- 
times Impressed  strangers  unpleasantly,  but  which,  to  his  friends,  was 
one  of  his  most  charming  qualities.  Much  of  his  success  as  an  investi- 
^tor  was  dae  to  a  firm  confidence  in  his  own  powers,  and  in  the  unerring 
coarae  of  the  logic  of  science  which  inspired  him  to  cling  tenaciously 
to  an  idea  when  once  he  had  given  it  a  place  in  his  mind.  At  a  meeting 
of  the  National  Academy  of  Science  in  the  early  days  of  our  knowledge 
of  electric  generators,  he  read  a  paper  relating  to  the  fundamental 
ii|rriiidp)es  of  the  dynamo.  A  gentleman  who  had  had  large  experience 
Ith  tbt  practical  working  of  dynamos  listened  to  the  paper,  and  at  the 
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THE  VOETEX  PEOBLBM 

iSeimUifie  Am^Hetm^  X127,  808,  1885] 

Mu9n.  EdUars: — ^In  a  late  number  of  your  paper  an  inquiry  was 
made  why  a  vortex  was  formed  over  the  orifice  of  an  outlet^  pipe;  as^ 
for  instancy  in  a  bath  tub^  when  the  water  is  mnning  ont.  If  the 
water  be  first  started,  the  explanation  will  be  on  the  same  principle 
that  a  ball  and  string  will,  if  started,  wind  itself  np  upon  the  hand;  the 
ball  being  attached  to  the  string  will,  as  the  string  winds  np,  get  nearer 
the  hand,  and,  consequently,  will  have  less  far  to  go  to  make  one  revo- 
lution, and  thus  the  momentum,  though  perhaps  not  great  enough  to 
cany  it  around  in  the  great  circle,  is  still  sufficient  to  make  it  revolve 
in  the  smaller  one. 

Therefore,  as  the  string  is  continually  winding  up,  and  the  ball  con- 
tinually nearing  the  hand,  it  will,  if  the  resistance  of  the  air  is  not  too 
great,  continue  to  revolve  until  the  string  is  wound  up.  Now,  in  the 
case  of  the  water,  each  particle  of  it  will  represent  the  ball,  the  force 
of  the  water  rushing  toward  the  outlet  will  be  the  string,  and,  the  water 
running  out,  and  thus  causing  the  particles  to  come  nearer  the  center 
at  every  revolution,  will  represent  the  winding-up  process.  Thus,  we 
see  this  case  is  analogous  to  the  preceding,  and  the  same  reason  that 
will  apply  to  one  will  apply  to  the  other.  I  suppose  that  some  slight 
motion  existing  among  the  particles  of  the  water,  united  to  the  motion 
produced  by  the  outlet,  causes  the  vortex  to  begin,  and,  once  begun,  it 
will  continue  until  the  water  is  exhausted. 

Such  motion  could  either  previously  exist,  or  might  be  produced  by 
the  form*  of  the  vessel,  which  wou}d  cause  the  water,  in  running  to 
the  outlet,  to  assume  a  certain  direction. 

H.  A.  B. 

Troffy  JV.  r.,  October  J  1865. 

>[Io  the  oriji^oal  article  this  reads  **ontIet  of  an  orifice,"  an  obvious  misprint.] 
^[In  the  original  article  this  word  is  **  power/*  an  obyioas  misprint.] 


PAINE^S  ELECTRO-MAGNETIC  ENGINE 

[Seientijic  American,  XXV,  21,  1871] 

To  the  Editor  of  the  Scientific  American: 

Having  noticed  several  articles  in  your  paper  with  reference  to 
Paine^s  electro-magnetic  machine,  I  believe  I  cannot  do  better  than 
describe  a  visit  which  I  paid  it  about  three  months  ago. 

Entering  the  office  in  company  with  a  friend,  at  about  twelve  o'clock 
one  day,  I  was  told  that  the  machine  was  not  running  then,  but  would 
be  in  operation  at  one.  Proceeding  there  alone,  at  about  that  time,  I 
was,  after  the  formality  of  sending  up  my  name,  conducted  by  a  small 
boy,  through  numerous  by-ways  and  passages,  to  the  second  story  of  a 
back  building,  where  I  was  met  by  the  illustrious  inventor  and  a  few 
select  friends.  Mr.  Paine  began  by  showing  the  small  model  machines, 
which  he  set  in  motion  by  a  battery  of  four  cups,  of  about  a  gallon 
capacity  each.  These  models  revolved  very  well,  but  apparently  with  no 
power,  for  they  could  be  stopped  easily.  I  then  began  to  reason  with 
him  on  the  absurdity  of  his  position,  and  adduced  in  my  support  the 
experiments  of  Joule,  Mayer,  Faraday  and  others.  He,  evidently,  had 
no  very  high  opinion  of  these,  and  pronounced  the  conservation  of  force 
an  old  fashioned  idea,  which  had  been  overthrown  in  these  enlightened 
days  by  his  "  experiments,"  though  what  the  latter  were  I  have  never 
determined. 

After  conversing  some  time,  to  no  purpose,  he  prepared  to  over- 
throw me  and  my  authority  at  one  blow,  by  an  exhibition  of  The 
Machine.  This  was  standing  in  front  of  a  chimney,  on  one  side  of  the 
room,  with  the  axis  of  its  wheels  parallel  to  the  wall.  The  wheel  to 
which  the  magnets  were  attached  was,  unlike  the  models,  inclosed  in  a 
cast  iron  case,  which  enveloped  it  closely  above,  but  spread  out  into  a 
rectangular  base  below.  The  latter  rested  directly  on  the  floor.  The 
axis  of  the  wheel  projected  on  each  side,  and,  to  one  end,  a  pulley  was 
attached,  and  to  the  other,  the  brake  for  operating  the  magnets.  The 
machine  had  the  general  appearance  of  a  fan  blower  with  an  enlarged 
pulley.     The  battery  was  attached  to  two  binding  screws,  fixed  to  a 
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on  the  ehimiiL'y,  and  the  current  was  supposed  to  pass  from 
tfattie,  along  wires,  to  the  break  piece,  and  tbence  to  the  nmgueta.  A 
belt  on  the  pulley  connected  with  a  shaft  overhead,  whence  another  belt 
proceeded  to  the  pulley  of  a  gniall  circukr  saw. 

As  soon  as  the  connection  was  made  with  the  battery,  the  whole 
■pparatos  began  to  move,  and  soon  the  saw  attained  great  velocity, 
shmlcing  the  building  with  violence.  The  latter  effect  was  caused  by  a 
h«svy  6y  wheel  on  the  saw  arbor,  which  probably  was  not  well  balanced. 
When  well  in  motion,  boards  were  applied  and  sawed  with  the  greatest 
To  show  the  excess  of  power,  they  wore  sometimes  placed  on 
vdge  and  passed  over  the  saw,  so  as  wholly  to  envelop  it,  and  the  cut 
made  from  end  to  end,  without  the  velocity  being  at  all  diminished. 
On  tlirowing  off  the  belt  from  the  saw,  the  machine  etill  proceeded  at 
the  same  velocity,  with  entire  indifference  to  external  resistance.  On 
tneDtioning  this  to  Mr.  Puine,  he  informed  me  that  when  the  saw  was 
attached,  and  the  resistance  greater,  the  increased  pull  on  the  magnets 
brought  them  nearer  together,  by  bending  the  heavy  iron  frame;  and, 

magnetic  attraction  varies  inversely  as  the  square  of  the  distance,  it 
only  required  a  small  change  of  distance  to  account  for  the  increased 
power.  I  clearly  indicated  that  I  was  skeptical  on  this  point,  and  sug- 
geeted  that  it  would  also  work  without  variation  if  the  power  pro- 
ceeded from  some  well  governed  steam  engine  in  the  neighborhood. 
On  thia  he  intimated  that,  if  I  were  not  careful,  a  force  might  proceed 
{nam  hia  body  which  would  act  in  conjunction  with  gravitation  in 
causing  me  to  be  projected  through  the  window,  and  strike  with  vio- 
lence on  the  ground  below. 

The  exhibition  being  over,  on  going  down  stairs  in  company  with  the 
rest,  I  tried  the  door  of  the  room  below,  but  found  it  locked,  and  the 
TindoWB  covered  with  papers.  I  desired  to  get  in,  but  was  met  with 
the  aaxurance  that  the  room  was  rented  by  a  man  who  was  then  absent. 

Thin.  I  believe,  is  the  last  visit  paid  by  an  outsider  to  this  wonderful 
invention.  I  have  been  there  several  times  since,  but  there  has  been 
no  admittance  fo  me,  or  to  any  one  else.  I  have  since  been  to  the 
owner  of  the  building,  and  find  that  Mr.  Paine  rents  the  room  to  which 
I  aoDgbt  admittance,  and  also  rents  power  in  that  same  room,  which  is 
idircctly  below  that  containing  his  machine.  The  engine  from  which 
the  power  comes  generally  stops  work  at  twelve  and  starts  again  at 

le,  but  sometimes  works  all  day. 

My  Tisitfi  there  have  established  the  following  facts:  First,  That 
my  friend  and  I  were  denied  admittance  at  twelve  o'clock,  but  were 
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invited  to  come  at  one.  Second,  That  the  shaft  in  the  room  below  does 
not  revolve  between  the  hours  of  twelve  and  one.  Third,  That  the 
room  below,  containing  power,  was  rented  by  Mr.  Paine,  bnt  that  he 
kept  it  carefully  locked,  and  misguided  me  as  to  the  tenant.  Fourth, 
That  the  working  parts  are  concealed  in  an  unnecessarily  strong  case, 
well  adapted  to  the  concealment  of  another  source  of  power.  Fifth, 
That  part  of  the  apparatus  is  attached  to  the  wall,  so  that  the  machine 
must  always  occupy  the  same  position  on  the  floor.  Sixth,  That  the 
models  have  not  a  power  proportionate  to  their  size.  Seventh,  That 
the  machine  runs  at  the  same  velocity,  whether  producing  one  horse 
power  or  a  fraction  of  a  horse  power,  and  this  without  a  governor. 

These  are  the  facts  of  the  case.  Where  the  power  of  the  machine 
comes  from  I  am  unable  to  say.  Is  there  some  secret  connection  be- 
tween this  machine  and  the  shaft  below,  and  does  the  battery  serve 
only  to  make  this  connection?  Or  does  the  battery,  when  applied, 
connect  the  apparatus  with  a  larger  battery?  I  leave  these  questions 
to  others;  but,  unless  the  reasoning  and  experiments  of  a  host  of  our 
greatest  men  be  false,  and  unless  the  greatest  development  of  modem 
science  be  overthrown,  this  machine  cannot  but  derive  its  power  from 
some  extraneous  source. 

In  a  late  communication  to  your  paper,  Mr.  Paine  sets  himself  up 
as  the  peer  of  Faraday,  Tyndall  and  others,  and  gives  as  the  reason, 
his  long  devotion  to  science.  He  evidently  does  not  consider  that  to 
be  ranked  with  such  men  requires  something  more  than  devotion;  it 
requires  brains;  brains  to  discriminate  between  true  science  and  quack- 
ish  nonsense;  brains  to  discover  and  originate.  And  pray  what  fact, 
among  the  thousands  of  science,  does  Mr.  Paine  pretend  to  have  proved 
beyond  doubt?  Let  him  answer.  As  to  Mr.  Paine's  ^^ science,^'  I 
assert  that  it  is  a  tissue  of  error  and  ignorance,  from  beginning  to  end. 
Even  his  vaunted  invention  of  metallic  foil,  wherewith  to  envelop  his 
magnets  or  wire,  can  operate  in  no  other  manner  than  to  the  detriment 
of  his  machine,  as  any  such  metallic  coating  lengthens  the  demagneti- 
zation, which  is  the  very  thing  to  be  guarded  against.  This  is  due  to 
an  induced  current,  which  forms  in  the  coating,  and,  being  in  the  same 
direction  as  the  primary  current,  operates  in  the  same  manner  to  keep 
up  the  magnetism.  His  reason  for  the  machine's  keeping  at  the  same 
velocity  also  shows  great  ignorance  of  the  subject.  In  the  first  place, 
the  law  of  magnetic  force,  under  these  circumstances,  is  stated  entirely 
wrong.  For  this  case,  the  true  law  is  complex,  hut  most  nearly  ap- 
proaches to  that  of  inversely  as  the  distance,  instead  of  as  the  square  of 
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flw  distance.  (See  Joule^  and  also  Tyndall^  in  the  London,  Edinburgh 
§md  DvUin  Philo$ophic€tl  Magazine  for  1850.)  And,  in  the  second 
pliee^  mppioaeh  of  the  poles  would  not  necessarily  increase  the  effi- 
denej;  in  this  kind  of  machine  there  is  a  distance  of  maTimnTn  effi- 
dmeji  and  if  the  magnets  reyolve  at  a  distance  greater  than  this^  the 
attraetion  becomes  too  small;  and  if  at  a  less  distance,  the  times  of 
mikgnetizing  and  demagnetizing  the  magnets  become  too  great,  and  the 
madiine  goes  too  slowly.  l%e  distance  in  this  machine  is,  nndonbtedly, 
witiiin  the  limit,  for  Mn  Paine  prides  himsdf  npon  its  smallness,  and 
00  further  reduction,  coxdd  it  take  place,  can  act  in  no  other  manner 
than  the  opposite  of  that  claimed.  But  it  is  my  opinion  that  all  the 
foice  brought  to  bear  on  the  magnets  could  not  move  them  one  two- 
hundredth  of  an  inch,  when  attached  to  such  a  frame. 

As  to  Mr.  Fdne's  disregard  for  the  conservation  of  force,  I  have 
little  to  say.  His  assertions  are  made  directly  in  the  face  of  this 
principle,  and  yet  he  has  never  adduced  one  experiment,  or  even  a  plaus- 
ible reBBoai,  to  prove  what  he  says.  He  takes  you  into  a  building  where 
shafts  are  revolving  by  the  vulgar  power  of  steam,  and  directs  you  to 
look  while  he  evokes  power  from  nothing.  You  must  not  touch  any- 
thing;^ you  must  not  enter  the  room  below;  you  must  not  be  there  while 
the  engine  next  door  is  at  rest;  but  you  must  simply  look,  and  by  that 
renowned  maxim  of  fools,  that  '^  seeing  is  believing,''  you  must  believe 
that  the  whole  structure  of  science  has  fallen,  and  that  above  its  ruins 
nothing  remains  but  Mr.  Paine  and  his  wonderful  electro-magnetic 
machine. 

Henut  a.  Eowland,  C.  B. 

Newark,  If.  J. 


ILLUSTRATION  OF  EESONANCES  AND  ACTIONS  OF  A 

SIMILAR  NATURE 

[Journal  of  the  Franklin  InsHtutey  XCIV,  275-278,  1872) 

At  the  present  day,  when  scientific  education  is  beginning  to  take 
its  proper  place  in  the  public  estimation,  anything  which  can  help 
toward  imparting  a  clear  idea  of  any  physical  phenomenon  becomes  im- 
portant. There  are  a  number  of  these  phenomena,  of  which  resonance 
is  one,  which  play  quite  an  important  part  in  nature,  but  which  as  yet 
have  not  been  illustrated  with  sufficient  clearness  in  the  lecture-room. 
Among  these  are  the  following:  A  person  carrying  water  may  so  time 
his  steps  as  to  produce  waves  which  shall  rise  and  fall  in  unison  with 
the  motion  of  his  body;  soldiers  in  crossing  a  bridge  must  not  keep 
step,  or  they  may  transmit  such  a  vibration  to  it  as  to  break  it  down; 
window-panes  are  sometimes  cracked  by  sounding  a  powerful  organ- 
pipe  to  which  they  can  vibrate ;  a  tuning-fork  will  respond  to  another  of 
equal  pitch  sounded  near  it;  and  others  will  readily  suggest  themselves 
to  the  reader.  In  all  these  cases  we  have  two  bodies  which  can  vibrate 
in  equal  times,  connected  together  either  directly  or  by  some  medium 
which  transmits  the  motion  from  one  to  the  other.  We  can,  then, 
readily  reproduce  the  circumstances  in  the  lecture-room. 

The  vibrating  bodies  which  I  have  found  most  convenient  are  pendu- 
lums ;  they  are  easily  made,  are  seen  well  at  a  distance,  and  their  time 
of  vibration  can  be  easily  and  quickly  regulated.  The  apparatus  can 
be  prepared  in  the  following  manner:  Fix  a  board,  about  a  foot  long, 
in  a  horizontal  position;  suspend  a  piece  of  small  stiff  wire,  of  equal 
length,  beneath  its  edge,  parallel  to  it,  and  an  inch  or  two  distant,  by 
means  of  threads.  To  one  end  of  the  board  suspend  a  pendulum,  con- 
sisting of  a  thread  about  ten  or  twenty  inches  long,  to  which  is  attached 
a  ball  weighing  two  or  three  ounces;  join  the  thread  of  this  pendulum 
to  the  horizontal  wire  by  taking  a  turn  of  it  around  the  wire,  so  that 
when  the  pendulum  oscillates,  it  causes  the  wire  to  move  back  and 
forth  in  unison  with  it.  To  complete  the  apparatus,  prepare  a  number 
of  small  pendulums  by  suspending  bullets  to  threads,  and  let  them  have 
small  hooks  of  wire  to  hang  by. 
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Having  tben  eet  the  heavy  pendulum  in  motion,  hang  some  of  the 

igbt  ones  on  the  horizontal  wire,  and  note  the  result:  those  which  are 
|bort«r  or  longer  than  the  heavy  one  will  not  be  affected,  but  if  any  of 
them  are  nearly  of  the  samo  length,  they  will  begin  to  vibrate  to  a 
■mall  extent,  but  will  rioon  come  to  rest,  after  which  they  will  com- 
tniiDce  again,  but  stop  as  before;  but  if  any  one  happens  to  be  of  exactly 
the  proper  length,  its  motion  will  soon  become  very  great,  and  im- 
ineDEclj  surpass  in  amplitude  that  of  the  heavy  one,  although  the  motion 
]b  derived  fn)ra  it.  Of  course  the  heavy  pendulum  must  be  retarded  in 
(iving  motion  to  the  light  one,  but  it  is  hardly  perceptible  when  there  is 
great  difference  in  the  weight.  In  the  same  manner  a  tuning-fork  will 
vndDublcdly  come  to  rest  sooner  when  producing  resonance  than  when 
vibrating  freely.  To  show  this  retardation  more  clearly,  suspend  two 
jMndtilums,  equal  in  weight  and  length,  to  the  edge  ot  a  horizontal 
lioanl.  and  connect  their  two  threads  together  by  a  horizontal  thread 
tied  to  each  at  a  point  an  inch  or  two  from  the  top,  and  drawn  so  tight 

H  to  pull  eanh  of  the  pendulums  a  little  out  of  plumb.  On  starting  one 
flf  these  pendulums  the  other  will  gradually  move,  and  finnlly  absorb 
I  the  motion  from  the  first,  and  bring  it  entirely  to  rest;  the  action 
■•ill  then  begin  anew,  and  the  motion  will  be  entirely  given  back  to  the 
iflnit  hall,     'lliip  experiment  ditfers  from  that  of  resonance,  inasmuch 

e  in  the  case  of  the  pendulums  all  the  motion  of  the  firet  ball  is  finally 
•tored  up  in  the  second ;  but  in  the  case  of  resonance  the  confined  air 

■  conBtantly  giving  out  its  motion  to  the  atmosphere  in  waves  of  sound. 
To  imitat*  this  to  some  extent  we  must  attach  a  rather  large  piece  of 
r  to  the  second  pendulum,  so  that  it  will  meet  with  resistance,  and 
then  both  balls  will  come  to  rest  sooner  than  otherwise.  If  one  of  the 
lalls  is  only  two  or  three  times  heavier  than  the  other,  they  will  then 

liso  interchange  motions;  but  when  the  heavy  ball  has  the  motion. 

the  are  of  it«  vibration  will  not  be  so  great  as  that  of  the  other  when 

it  rihrates. 

To  illustrate  the  use  of  Helmholtis  resonance  globes,  or  Koenig's 
■ppnnitns  for  the  analysis  of  sonnda,  we  can  enlarge  and  modify  the 
Bnt  apparatus  somewhat.  Make  the  board  six  or  eight  feet  long,  and 
>enil  at  one  end  four  or  five  of  the  heavy  pendulums,  and  at  the 
Whrr  tJic  same  number  of  light  ones,  each  of  which  corresponds  in  time 
of  Tibration  with  one  of  the  heavy  ones.  On  now  causing  any  of  the 
hi>ary  pendulums  to  vibrate,  as  No.  3,  we  shall  meet  with  no  response 
from  any  of  the  light  ones  except  Wo.  7.    If  Nos.  1,  2  and  4  are  set 

[oiog  at  one  time,  the  wire  A  will  be  drawn  hither  and  thither  by  the 
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conflicting  pulls  with  ao  seeming  regularity,  but  each  of  the  balls  S, 
G  and  8  will  pick  out  from  the  confused  motion  the  vibration  due  tfl 
itseli,  and  will  inovo  in  unison,  but  No.  7  will  remain  quiet.  The  short 
pendulums  always  produce  the  effect  sooner  than  the  long  ones.  To 
remedy  this  to  some  extent  it  is  well  to  bend  tbe  wire  A  into  the  shape 
shown  in  the  figure.  It  is  not  well  to  make  the  pendulum  more  thai 
twenty  inches  long,  if  a  quick  response  is  wished.  There  seems  to  b< 
no  limit  to  the  number  of  pendulums  which  can  be  used  or  the  distanci 
to  which  the  effeet  can  be  transmitted,  though  it  is  more  decided  whei 
there  are  but  few  pendulums  and  they  are  near  together.  It  may  some 
times  be  more  convenient   to  suspend   the  pendulums   from  a  wire 


tightly  stretched,  than  from  ji  hniirij.  To  make  the  balls  visible  at  a 
distance,  it  may  be  well  in  some  caies  to  make  them  of  polished  steely 
and  illuminate  them  by  a  beam  from  the  electric  lamp. 

These  esperimenta  have  many  advantages  which  recommend  them  to 
teachers;  they  can  be  performed  without  purchased  apparatus,  and 
can  be  made  to  illustrate  resonance  and  the  kindred  phenomena  in  all 
their  details.  Indeed,  any  one  will  be  well  repaid  for  spending  an  honi 
in  performing  them,  simply  for  tbeir  own  beauty. 


ON  THE  ATIBORAL  SPECTBUM 

lAmtriemm  JmnrfuU  of  8eUne$  [8],  F,  8d0, 1878] 

A  letter  from  Heniy  A.  Boniand,  at  present  Instmetor  in  Physics  in 
the  Beneseker  Polytechnic  Institute  at  Troy^  informs  ns  that  he 
obeerred  the  line  of  wave-length  431  in  the  auroral  spectrum  of  last 
October.  He  says:  ^The  observations  were  made  with  an  ordinary 
chemical  spectroscope  of  one  prism^  in  which  the  scale  was  read  by 
meana  of  a  lamp.  Oreat  care  was  taken  in  the  readings^  and  after  com- 
pleting them  the  spectroscope  was  set  apide  until  mornings  when  the 
readings  w^re  iak^  on  the  lines  of  comparison  without  altering  the 
inatrnmait  in  aiqr  way  or  even  regulating  the  slit.  The  wave-lengths 
of  the  known  IMes  were  taken  from  Watts's  '  Ind^  of  Spectra,'  but  as 
he  does  not  give  tiie  wave-lengths  of  lines  in  the  flame  spectrum  I  am 
not  quite  certain  that  they  are  correct/'  On  the  scale  of  his  instru- 
ment, Li «  was  at  18.5%  Caa21%  NaaS7.6%  Ca^86%  Ca;^95.6%  and 
K^  110^    The  aurora  lines  were  as  follows: 


Sosto-nadlnv.  WaT»4«ngttas. 

1  19  628.3 

2  35.5  554.3 

3  95  425 

^  The  wave-lengths  of  the  auroral  lines  were  obtained  by  graphical 
interpolation  on  such  a  large  scale  as  to  introduce  little  or  no  error.'' 
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MAGNETISM  AND  ELECTRICITY 


ON  HAONEnC  FEBMEABILITY/  AND  THE  MAXDiUM  OF 
MAGNETISM  OF  IBON,  STEEL,  AND  NICKEL 

[FkikmophiBal  MagoMine  [4],  X£F/,  140-159,  1878] 

More  than  three  years  ago  I  commenced  the  serieB  of  experiments 
the  remits  of  which  I  now  publish  for  the  first  time.  Many  of  the 
facts  which  I  now  give  were  obtained  then;  bat^  for  satisfactory  reasons^ 
they  were  not  published  at  that  time.  The  investigations  were  com** 
menced  with  a  view  to  determine  the  distribution  of  magnetism  on 
iron  bars  and  steel  magnets;  but  it  was  soon  found  that  little  could  be 
done  without  new  experiments  on  the  magnetic  permeability  of  sub- 
stances. 

Few  obsenrations  have  been  made  as.  yet  for  determining  the  mag- 
netic permeability  of  iron^  and  none,  I  belieye,  of  nickel  and  cobalt,  in 
absolute  measure.  The  subject  is  important,  because  in  all  theories  of 
induced  magnetism  a  quantity  is  introduced  depending  upon  the  mag- 
netic properties  of  the  substance,  and  without  a  knowledge  of  whicH 
the  problem  is  of  little  but  theoretical  interest;  this  quantity  has 
always  been  treated  as  a  constant,  although  the  experiments  on  the 
maximum  of  magnetism  show  that  it  is  a  variable.  However,  the  form 
of  the  function  has  never  been  determined,  except  so  far  as  we  may 
deduce  it  from  the  equation  of  Miiller, 

7=220^5  tan — — , 

.OOOOSrf' 

which,  as  will  be  shown,  leads  to  wrong  results.  The  quantities  used 
by  different  persons  are  as  follows: — 

c,  Neumann^s  coefficient,  or  magnetic  susceptibility  (Thomson). 

ky  Poisson^s  coefficient. 

fi,  coeflBcient  of  magnetization  (Maxwell),  or  magnetic  permeability 
(Thomson). 

i,  introduced  for  convenience  in  the  following  paper. 

»Tbe  word  "permeability'*  has  been  proposed  by  Thomson,  and  has  the  same 
meaninf^  as  ••conductivity'*  as  nsed  by  Faraday  ('Papers  on  Electricity  and  Magnet- 
ism,' Thomson,  p.  484;  Maxwell's  » Electricity  and  Magnetism,'  vol.  ii,  p.  51.) 
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The  relations  of  these  quantities  are  given  by  the  following  equa- 
tions : — 

,  __      4:ric      _  ju— 1  A— 4;r 

^~"  4ric  +  3  ~  /*  +  2  —  X+8^' 

—  f^r:}  —   _M_        —  >^— 4:r 
*~    4r'~4r(i-^)-    16;r»  ' 

1  +  2A:       .      ^-        A 

The  first  determination  of  the  value  of  any  of  these  quantities  was 
made  by  Thalen.  But  more  important  experiments  have  been  made 
by  Weber,  Von  Quintus  leilius,  and  more  recently  by  M.  Reicke  and 
Dr.  A.  Stoletow.'  The  first  three  of  these  in  their  experiments  used 
long  cylindrical  rods,  or  ellipsoids  of  great  length;  the  last,  who  has 
made  by  far  the  most  important  experiments  on  this  subject,  has  used 
an  iron  ring.  The  method  of  the  ring  was  first  used  by  Dr.  Stoletow 
in  September,  1871;  but  more  than  eight  months  before  that,  in  Jan- 
uary, 1871,  I  had  used  the  same  method,  but  with  different  apparatus, 
to  measure  the  magnetism.  He  plots  a  curve  showing  the  variation  of 
K ;  but  he  plots  it  with  reference  to  R  as  abscissa  instead  of  7?  « ,  and 
thus  fails  to  determine  the  law.  His  method  of  experiment  is  much 
more  complicated  than  mine,  so  that  he  could  only  obtain  results  for 
one  ring;  while  by  my  method  I  have  experimented  on  about  a  dozen 
rings  and  on  numerous  bars,  so  that  I  believe  I  have  been  enabled  to 
find  the  true  form  of  the  function  according  to  which  /*  varies  with  the 
magnetism  of  the  bar  or  the  magnetizing-force. 

Many  experiments  have  been  made  on  the  magnetism  of  iron  without 
giving  the  results  in  absolute  measure.  Among  these  are  the  experi- 
ments of  cruller,  Joule,  Lenz  and  Jacobi,  Dub,  and  others.  The  ex- 
periments have  been  made  by  the  attraction  of  electromagnets,  by  the 
deflection  of  a  compass-need Ic,  or,  in  one  case,  by  measuring  the  in- 
duced current  in  a  helix  extending  the  whole  length  of  the  bar.  By 
the  last  two  methods  the  change  in  the  distrihniion  of  magnetism  over 
the  bar  when  the  magnetism  of  the  bar  varies  is  disregarded,  if  indeed 
it  was  thought  of  at  all:  even  in  a  recent  memoir  of  M.  Cazin *  we  have 
the  statement  made  that  the  position  of  the  poles  is  independent  of  the 
strength  of  the  current.  He  does  not  give  the  ex])eriment  from  which 
he  deduces  this  result.     Xow  it  is  verv  easv  to  show,  from  the  formula 

'Phil.  Mag.,  January,  1S73. 

*  AnnaUa  de  Chimie  et  de  Physique,  Feb.,  1873,  p.  171.  v 
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«f  Green  (or  Uie  disIriUuliun  of  raagtietism  on  a  bar-magnet  combined 
with  the  knovra  variation  of  »,  that  this  can  only  be  true  for  short  and 
thick  bars;  xnd  it  has  also  beeu  reinarkid  by  Thomson  that  thiB  shoxild 
be  the  ease,'  An  exporitneut  made  in  1870  places  tliis  beyond  doubt. 
A  Bniall  iron  wire  (No.  IG),  8  inches  long,  was  wound  with  two  [ayers  of 
fine  ijuulnted  wire;  a  small  hard  steel  magnet  i  inch  long  suspendud  by 
ft  fibre  of  silk  w&s  rendered  entirely  astatic  by  a  large  magnet  placed 
iboQt  S  feet  distant;  the  wire  electromagnet  was  then  placed  ni?ar  it, 
u>  that  the  newlle  hung  IJ  inch  from  it  and  about  2  inches  back  from 
the  fD<I,  On  now  exciting  the  magnet  with  a  weak  current,  the  needle 
took  np  a  cortaiu  definite  position,  indicating  the  direction  of  the  line 
of  foree  at  that  point.  When  the  current  was  very  much  increased,  the 
needio  iOHtantly  moved  into  a  position  more  nearly  parallel  to  the 
rnet,  thus  showing  that  the  magnetism  was  now  distributed  more 
nearly  at  the  ends  than  before.  This  shows  that  nearly  all  the  esperi- 
Diont«  hitherto  made  on  bar-magnets  contain  an  error;  but,  owing  to 
its  small  nmoimt,  we  can  accept  the  results  as  approximately  true. 

1  believe  mine  arc  the  first  experiments  hitherto  made  on  this  subject 
in  which  the  results  are  expressed  and  the  reasoning  carried  out  in  the 
langongt*  of  Knradny's  theorj-  of  lines  of  magnetic  force;  and  the  utility 
of  this  method  of  thinking  is  shown  in  the  method  of  experimenting 
adopted  for  measuring  magnetism  in  absolute  measure,  for  which  I 
^Inim  that  it  is  the  simplest  and  most  accurate  of  any  yet  devised. 
Whether  Faraday's  theory  is  correct  or  not,  it  is  well  known  that  its 
'•i^  will  pire  correct  results;  at  the  present  time  the  tendency  of  the 
most  advanced  thougjit  is  hmtrd  the  theory';  and  indeed  it  has  been 
'|Hiitited  ont  by  Sir  William  Thomson  that  it  follows,  from  dynamical 
reasoning  upon  the  magnetic  rotation  of  the  plane  of  polarization  of 
light,  that  the  modium  in  which  this  takes  place  must  itself  be  in 
rolatinn,  the  axis  of  rotation  being  in  the  direction  of  the  lines  of 
force.*  Some  sulwtances  must  of  necessity  be  more  capable  of  assum- 
itijf  this  rotary  motion  than  others;  and  hence  arises  the  notion  of 
Tnagnctic  "conductivity"'  and  "permenhiiity." 

Thomson  has  pointed  nut  several  analogies  which  may  he  used  in 
xalmlating  the  distrihntion  and  direction  of  the  lines  of  force  under 
Tarinn*  rircumstances.     He  has  sboim  that  the  mathemntical  trcnfTnent 

■  rajMn  nil  EUctrlHty  and  Miniictlsni,  p.  ilS. 

•"Ob  Aetloa  Bt  ■Distance."  Maxwell,  'N'atnre.'  Feb.  37  nnil  Marrh  H  mid  l;(,  IBTS. 
'ThMDion'*  -Papvri  on  Rlectridtj  and  MagnetUrn,'  p,  4!tt,  note;  »nrt  MsuwelTa 
TruUM  on  Blvetrtclty  atid  MaKuctlsio,'  vol,  1i,  chap.  iil. 
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of  magnetism  is  the  same  as  that  of  the  flow  of  heat  in  a  solid^  as  the 
static  induction  of  electricity,  and  as  the  flow  of  a  frictionless  incom- 
pressible liquid  through  a  porous  solid.  It  is  evident  that  to  these 
analogies  we  may  add  that  of  the  conduction  of  electricity/  We  readily 
see  that  the  reason  of  the  treatment  being  the  same  in  each  case  is  that 
the  elementary  law  of  each  is  similar  to  Ohm's  law.  Mr.  Webb  *  has 
shown  that  this  law  is  useful  in  electrostatics;  and  I  hope,  in  a  sequel 
to  this  paper,  to  apply  it  to  the  distribution  of  magnetism :  I  give  two 
equations  derived  in  this  way  further  on. 

The  absolute  units  to  which  I  have  reduced  my  results  are  those  in 
which  the  metre,  gramme,  and  second  are  the  fundamental  units.  The 
unit  of  magnetizing-force  of  helix  I  have  taken  as  that  of  one  turn 
of  wire  carrying  the  unit  current  per  metre  of  length  of  helix,  and  is 
4?r  times  the  unit  magnetic  field.  This  is  convenient  in  practice,  and 
also  because  in  the  mathematical  solution  of  problems  in  electrodynam- 
ics the  magnetizing-force  of  a  solenoid  naturally  comes  out  in  this  unit. 
The  magnetizing-force  of  any  helix  is  reduced  to  this  unit  by  multiply- 
ing the  strength  of  current  in  absolute  units  by  the  number  of  coils  in 
the  helix  per  metre  of  length.  These  remarks  apply  only  to  endless 
solenoids,  and  to  those  which  are  very  long  compared  with  their  diam- 
eter. The  unit  of  number  of  lines  of  force  I  have  taken  as  the  number 
in  one  square  metre  of  a  unit  field  measured  perpendicular  to  their 
direction.  As  my  data  for  reducing  my  results  to  these  units,  I  have 
taken  the  horizontal  force  of  the  earth's  magnetism  at  Troy  as  1-641, 
and  the  total  force  as  6-27. 

The  total  force,  which  will  most  seriously  affect  my  results,  is  well 
known  to  be  nearly  constant  at  any  one  place  for  long  periods  of  time. 

From  the  analogy  of  a  magnet  to  a  voltaic  battery  immersed  in  water 
I  have  obtained  the  following,  on  the  assumption  that  ,"  is  constant, 
and  that  the  resistance  to  the  linos  of  force  passing  out  into  the  medium 
is  the  same  at  every  point  of  the  bar. 

Let  B  =  resistance  to  lines  of  force  of  one  metre  of  length  of  bar. 
B'  =  resistance  of  medium  along  1  metre  of  length  of  bar. 
Q'  =^  lines  of  force  in  bar  at  any  point. 
(),=  lines  of  force  passing  from  bar  alonsr  small  distance  J. 
e  =  base  of  Xapierian  system  of  logarithms. 
X  =  distance  from  one  end  of  helix. 

'  MaxweH'B  'Treatise  on  Electricity  and  Magnetism,'  arts.  243,  244  and  245. 
8'' Application  of  Ohm's  Law  to  Problems  in  Electrostatics,"  Phil.  Mag.  S.  4,  vol. 
XXXV,  p.  325  (ISftS). 
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h  s=  total  length  of  helix. 

j^  =5  isBifltance  at  end  of  helix  of  the  rest  of  bar  and  medium. 
Jf  as  magnetizing-f  OTce  of  helix. 
W0  ihfiii  obtain 

in  whidi 


=/ 


■ad 

for  near  the  centre  of  an  infinitely  long  bar,  where  a;  >  0  and  <  h,  and 
(ssea,  wehave 

e.  =  0,  and  e'=  5- (8) 

Eor  a  ring-magnet,  «'&=  0; 

.-.  g.  =  0,and  0^=^ (4) 

And  if  a  is  the  area  of  the  bar  or  ring, 

in  which  ^  is  the  same  as  in  the  equations  previously  given.  These 
equations  show  that  we  may  find  the  value  of  ^,  and  hence  the  permea- 
bility, by  experimenting  either  on  an  infinitely  long  bar  or  on  a  ring- 
magnet.  Equations  (4)  evidently  apply  to  the  case  where  the  diameter 
of  the  ring  is  large  as  compared  with  its  section.  The  fact  given  by 
these  equations  can  be  demonstrated  in  another  and,  to  some  persons, 
more  satisfactory  manner.  If  n  is  the  number  of  coils  per  metre  of 
helix  and  n'  the  number  on  a  ring-magnet,  t  the  strength  of  current, 
and  p  the  distance  from  the  axis  of  the  ring  to  a  given  point  in  the 

*FonDal»  ^TiDg  the  Bame  diBtributlon  as  this  have  been  obtained  by  Biot  and 
also  bj  Green.  See  Biot's  TraiU  de  Phytiqutj  vol.  iii,  p.  77, lo  and  <  Essay  on  the  Ap- 
plicsiion  of  Mathematical  Analysis  to  the  Theories  of  Electricity  and  Magnetism/ 
bj  Green,  17th  section. 

i*[In  the  original  paper  this  was  **  vol.  iv,  p.  669.^*  The  correction  was  made  later 
bj  Professor  Rowland.] 
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interior  of  the  ring-solenoid,  the  magnetic  field  at  that  point  will,  as  is 
well  known,  be 

p 
and  at  a  point  within  an  infinitely  long  solenoid 

If  the  solenoid  contain  any  magnetic  material,  the  field  will  be  for 
the  ring 

2n't^ 
P 

and  for  the  infinite  solenoid 

4:r/im. 

Therefore  the  number  of  lines  of  force  in  the  whole  section  of  a  ring- 
magnet  of  circular  section  will  be,  if  a  is  the  mean  radius  of  the  ring, 

or,  since  n'  =  2  -an  and  M  =  in,  we  have,  by  developing, 

q=  4.T.Mi.(j:IP)  (^1  +  1^  +  ^1*+  Ar.^.    .    .     (6) 

For  the  infinite  electromagnet  we  have  in  the  same  way  for  a  circular 
section, 

(?' =  4^  Jf/i(;r^*) (7) 

When  the  section  of  the  ring  is  thin,  equation  (6)  becomes  the  same 
as  equation  (7),  and  either  of  them  will  give 

A  =  4r/z  =  ^^^, (8) 

which  is  the  same  as  equation  (5). 

In  all  the  rings  used  the  last  parenthesis  of  (6)  is  so  nearly  unity 
that  the  difference  has  in  most  cases  been  neglected,  the  slightest  change 
in  the  quality  of  the  iron  producing  many  times  more  effect  on  the 
permeability  than  this.  Whenever  the  difference  amounted  to  more 
than  Y^^  it  was  not  rejected. 

The  apparatus  used  to  measure  ()'  was  based  upon  the  fact  discovered 
by  Faraday,  that  the  current  induced  in  a  closed  circuit  is  proportional 
to  the  number  of  lines  of  force  cut  by  the  wire,  and  that  the  deflection 
of  the  galvanometer-needle  is  also,  for  small  deflections,  proportional 
to  that  number.  In  the  experiments  of  1870-71  an  ordinary  astatic 
galvanometer  was  used;  but  in  those  made  this  year  a  galvanometer  was 
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specially  coBstracted  for  the  purpose.  It  was  on  the  principle  of  Thom- 
son's reflecting  instrument,  but  was  modified  to  suit  the  case  by  increas- 
ing the  size  of  the  mirror  to  |  of  an  inch,  by  adding  an  astatic  needle 
just  above  the  coil  without  adding  another  coU,  by  loading  the  needle 
to  make  it  vibrate  slowly,  and,  lastly,  by  looking  at  the  reflected  image 
of  the  scale  through  a  telescope  instead  of  observing  the  reflection  of  a 
lamp  on  the  scale.  The  galvanometer  rested  on  a  firm  bracket  attached 
to  the  wall  of  the  laboratory  near  its  foundation.  In  most  of  the  ex- 
periments the  needle  made  about  five  single  vibrations  per  minute. 
The  astatic  needle  was  added  to  prevent  any  external  magnetic  force 
from  deflecting  the  needle;  and  directive  force  was  given  by  the  magnet 
above.  Each  division  of  the  scale  was  '  075  inch  long;  and  the  extrem- 
ities of  the  scale  were  reached  by  a  deflection  of  7°  in  the  needle  from  0. 
The  scale  was  bent  to  a  radius  of  4  feet,  and  was  3  feet  from  the  instru- 
ment. At  first  a  correction  was  made  for  the  resistance  of  the  air,  &c.; 
but  it  was  afterwards  found  by  experiment  that  the  correction  was  very 
exactly  proportional  to  the  deflection,  and  hence  could  be  dispensed 
with.  This  instrument  gave  almost  perfect  satisfaction;  and  its  accu- 
racy will  be  shown  presently. 

The  tangent-galvanometer  was  also  a  very  fine  instrument,  and  was 
constructed  expressly  for  this  series  of  experiments.  The  needle  was 
1*1  inch  long,  of  hardened  steel;  and  its  deflections  were  read  on  a 
circle  graduated  to  half  degrees,  and  5  inches  in  diameter.  The  aver- 
age diameter  of  the  ring  was  16^  inches  nearly,  and  was  wound  with 
several  coils;  so  that  the  sensibility  could  be  increased  or  diminished 
at  pleasure,  and  so  give  the  instrument  a  very  wide  range.  The  value 
of  each  coil  in  producing  deflection  was  experimentally  determined  to 
within  at  least  ^  of  1  per  cent  by  a  method  which  I  shall  soon  publish. 
The  numbers  to  multiply  the  tangent  of  the  deflection  by,  in  order  to 
reduce  the  current  to  absolute  measure,  were  as  follows: — 

Number  of  coiJs.  Multiplier. 

1 -05377 

3 -01800 

9  -006007 

27 -002018 

48 -001143 

By  this  instrument  I  had  the  means  of  measuring  currents  which 
varied  in  strength  several  hundred  times  with  the  same  accuracy  for 
a  large  as  for  a  small  current.    For  greater  accuracy  a  correction  was 
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applied  according  to  the  formula  of  Blanchet  and  De  la  Prevostaye  for 
the  length  of  the  needle,  the  position  of  the  poles  being  estimated;  this 
correction  in  the  deflections  used  was  always  less  than  -6  per  cent.  To 
eliminate  any  error  in  the  position  of  the  zero-point,  two  readings  were 
always  taken  with  the  currents  in  opposite  directions,  each  one  being 
estimated  with  considerable  accuracy  to  i^^  of  a  degree. 

The  experiments  were  earned  on  in  the  assay  laboratory  of  the 
Institute,  which  was  not  being  used  at  that  time;  and  precautions  were 
taken  that  the  different  parts  of  the  apparatus  should  not  interfere 
with  each  other.  The  disposition  of  the  apparatus  is  represented  in 
Plate  II. 

The  current  from  the  battery  A,  of  from  two  to  six  large  Chester's 
"  electropoion  "  cells  No.  2,  joined  according  to  circumstances,  passed 
to  the  commutator  B,  thence  to  the  tangent-galvanometer  (7,  thence 
to  another  commutator  D,  thence  around  the  magnet  E  (in  this  case  a 
ring),  and  then  back  through  the  resistance-coils  K  to  the  battery.  To 
measure  the  magnetism  excited  in  E,  a  small  coil  of  wire  F  was  placed 
around  it,"  which  connected  with  the  galvanometer  fl",  so  that,  when 
the  magnetism  was  reversed  by  the  commutator  D,  the  current  induced 
in  the  coil  F,  due  to  twice  cutting  the  lines  of  force  of  the  ring, 
produced  a  sudden  swing  of  the  needle  of  H.  As  the  needle  swung 
very  freely  and  would  not  of  itself  come  to  rest  in  ten  or  fifteen  min- 
utes, the  little  apparatus  I  was  added :  this  consisted  of  a  small  horse- 
shoe magnet,  on  one  branch  of  which  was  a  coil  of  wire;  and  by  sliding 
this  back  and  forth,  induced  currents  could  be  sent  through  the  wire, 
which,  when  properly  timed,  soon  brought  the  needle  to  rest.  This 
arrangement  was  very  efficient;  and  without  it  this  form  of  galvano- 
meter could  hardly  have  been  used.  To  compare  the  magnetism  of 
the  ring  with  the  known  magnetism  of  the  earth,  and  thus  reduce  it  to 
absolute  measure,  a  ring  G  supported  upon  a  horizontal  surface  was 
included  in  the  circuit ;  when  this  was  suddenly  turned  over,  it  produced 
an  induced  current,  due  to  twice  cutting  the  lines  of  masn^etic  force 
which  pass  through  the  ring  from  the  earth's  magnetism.  The  induced 
current  in  the  case  of  either  coil,  7^  or  G,  is  proportional  to  the  number 
of  the  lines  of  force  cut  by  the  coils  "  and  to  the  number  of  wires  in  the 
coil,  which  latter  is  self  evident,  but  mav  be  deduced  from  the  law  of 
Gaugain."     It  is  evident,  then,  that  if  c  is  the  deflection  from  coil  G, 

1*  If  a  bar  was  used,  this  coil  was  placed  at  its  centre. 
"Faraday^s  Experimental  Researches,  vol.  Hi,  series  29. 
"Daguin's  TraitS  de  Physique,  vol.  ili,  p.  691. 
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h  timt  from  helix  F,  the  number  of  lines  of  force  passing  throi:^h 
tike  magnet  B,  expressed  in  the  unit  we  have  chosen,  will  be 

^  =  2n'(e-27«m74«60'>^|^, (9) 

wlMa«  n'  is  the  number  of  coils  in  the  ring  0,  n  the  number  in  the 
lidix  F,  B  the  radius  of  0,^*27  the  total  magnetism  of  the  earth,  and 
74*6a'  the  dip.  The  quantity  2n'(6-27  sin  74^60')  7rfi«  is  constant  for 
like  eoSl,  and  had  the  value  14  - 15.  This  is  the  number  of  square  metres 
0f  «  niiit  field  which,  when  cut  once  by  a  wire  from  the  galvanometer, 
vonld  produce  the  same  deflection  as  the  coil  when  turned  over. 

The  experiments  being  made  by  reversing  the  magnetism  of  the  bars, 
m  rou^  experiment  was  made  to  see  whether  they  had  time  to  change 
in  half  a  single  vibration  of  the  needle;  it  was  found  that  this  varied 
from  sensibly  0  to  nearly  1  second,  so  that  there  was  ample  time.  It 
was  also  proved  that  '^he  siidden  impulse  given  to  the  needle  by  the 
change  of  current  produced  the  same  deflection  as  when  the  change  ^as 
more  gradual,  which  has  also  been  remarked  by  Faraday,  though  he 
did  not  use  such  sudden  induced  currents.  As  a  test  of  the  method, 
fhe  horizontal  force  of  the  earth's  magnetism  was  determined  by  means 
of  a  v^tical  coil ;  it  was  found  to  be  1  •  634,  while  the  true  quantity  is 
1-641. 

It  18  sometimes  assimied  that  some  of  the  action  in  a  case  like  the 
preeent  is  due  to  the  direct  induction  of  the  helix  around  the  magnet  on 
the  coil  F.  I  think  that  this  is  not  correct;  for  when  the  helix  is  of 
fine  wire  closely  surrounding  the  bar  or  ring,  all  the  lines  of  force 
which  aflfect  F  must  pass  through  the  bar,  and  so  no  correction  should 
be  made.     However,  the  correction  is  so  small  that  it  will  hardly  affect 

the  result.     If  it  were  to  be  made,  V.  (equation  5)  should  be  diminished 

by  4r3f ;  but,  for  the  above  reasons,  it  has  not  been  subtracted.  As  a 
test  of  the  whole  arrangement,  I  have  obtained  the  number  of  lines  of 
force  in  a  very  long  solenoid:   the  mean  of  two  solenoids  gave  me 

Q"  =  12-^7  MiTzR"); 

while  from  theory  we  obtain,  by  equation  (7)  (ai  =  1), 

or  =  12-573/(r/P), 

which  is  within  the  limits  of  error  in  measuring  the  diameter  of  the 
tubes,  &c. 

All  the  rings  and  bars  with  which  I  have  experimented  have  had  a 
circular  section.     In  selecting  the  iron,  care  must  be  used  to  obtain  a 
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homogeneous  bar;  in  the  case  of  a  ring  I  believe  it  is  better  to  have  it 
welded  than  forged  solid;  it  should  then  be  well  annealed,  and  after- 
wards have  the  outside  taken  off  all  round  to  about  ^  of  an  inch  deep  in 
a  lathe.  This  is  necessary,  because  the  iron  is  "  burnt "  to  a  consider- 
able depth  l)y  heating  even  for  a  moment  to  a  red  heat,  and  a  sort  of 
tail  appears  on  the  curve  showing  the  permeability,  as  seen  on  plotting 
Table  III.  To  get  the  normal  curve  of  permeability,  the  ring  must  only 
be  used  once;  and  then  no  more  current  must  be  allowed  to  pass  through 
the  helix  than  that  with  which  we  are  experimenting  at  the  time.  If 
by  accident  a  stronger  current  passes,  permanent  magnetism  is  given  to 
the  ring,  which  entirely  changes  the  first  part  of  the  curve,  as  seen  on 
comparing  Table  I  with  Table  II.  The  areas  of  the  bars  and  rings  were 
always  obtained  ])y  measuring  their  length  or  diameter  across,  and  then 
calculating  the  area  from  the  lof^s  of  weight  in  water.  The  following 
is  a  list  of  a  few  of  the  rings  and  bars  used,  the  dimensions  being  given 
in  metres  and  grammes.  In  the  fourth  column  "  annealed ''  means 
heated  to  a  red  heat  and  cooled  in  open  air,  "  C  annealed  ''  means  placed 
in  a  large  crucible  covered  with  sand,  and  placed  in  a  furnace,  where, 
after  being  heated  to  redness,  the  fire  was  allowed  to  die  out;  "  natural  " 
means  that  its  temper  was  not  altered  from  that  it  had  when  bought. 


ResultB 

given  in 

Table. 


{ 


I. 

II. 
III. 
■V.    { 

-{ 

V,     { 

VII. 


Quality  of 
substance. 


How  made.  '  Temper. 


Spec, 
grav. 


Weight.  S'.^S?    Area.!      State. 


diam. 


"Burden 
best"  iron. 


Welded  and 
turned. 


Annealed 


.  I  70 


I  0000, 

3148-61      -0077     916    Normal. 


(( 


it 


ti 


(t 


I 


Bessemer 

steel. 
Norway 
iron 
Cast 
nickel.^* 
Stubs' 
steel. 


(( 


t( 


it 


7-6314S-61 


•  ( 


Natural.       7-84 


..    i       Can- 
(     nealed. 
Turned  from 

lara:e  bar. 
Welded  and       C  an 

turned.       !    nealed.     | 
Turned  from 

button. 

Ilard-drawn 

wire. 


!'■ 


63 


148  01 


38-34 


\7-83    39-78 


0077  916  !  Magnetic. 

0677:  912    Burnt. 

0420  371  I  Normal. 

'  i 

0656!  7695  Ma^nietic. 


8-83     4-800    -0200     0809  Normal. 


Natural. 


0909  Normal. 


The  first  three  Tables  are  from  the  same  ring. 

Besides  these  I  have  used  very  many  other  bars  and  rings;  but  most 
of  them  were  made  before  I  had  discovered  the  effect  of  burning  upon 


'♦  Almost  chemically  pure  before  melting. 
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the  ircm,  and  hence  did  not  give  a  normal  curve  for  high  magnetizing- 
poveis.  However,  I  have  collected  in  Table  VIII  some  of  the  results 
of  these  experiments;  but  I  have  many  more  which  are  not  worked 
up  jet. 

In  the  following  Tables  Q=  -^  has  been  measured  as  previously 

desciflbed.  It  is  evident  that  if,  instead  of  reversing  the  current,  we 
simply  break  it,  we  shaU  obtain  a  deflection  due  to  the  temporary  mag- 
netism alone.  In  this  manner  the  temporary  magnetism  has  been 
measured;  and  on  subtracting  this  from  Q,  we  can  obtain  the  permanent 
mignetism. 

'Hie  following  abbreviations  are  made  use  of  in  the  Tables,  the  other 
quantities  being  the  same  as  previously  described. 

C.T.O.  Number  of  coils  of  tangent-galvanometer  used. 
D.T.O.  Deflection  of  .tangent-galvanometer. 
D.C.    Deflection  from  coil  0. 
DJP.    Deflection  from  helix  F  on  reversing  the  current. 

Q.     Magnetic  field  in  interior  of  bar  (total). 
D.B.    Deflection  from  F  on  breaking  current. 

T.  Magnetic  field  of  bar  due  to  temporary  magnetism. 
P.  Magnetic  field  of  bar  due  to  permanent  magnetism. 
fi.      Number  of  coils  in  helix  F. 

Each  observation  given  is  almost  always  the  mean  of  several.  D.T.O. 
is  the  mean  of  four  readings,  two  before  and  two  after  the  observations 
on  the  magnetism;  D.C.  is  the  mean  of  from  four  to  ten  readings;  D.F, 
mean  of  three;  D.B.  mean  of  two,  except  in  Table  I,  where  the  deflec- 
tion was  read  only  once.  In  all  these  Tables  the  column  containing 
the  temporary  magnetism  T  can  only  be  accepted  as  approximate,  the 
experiments  having  been  made  more  to  determine  Q  than  T, 

The  value  of  n  was  generally  varied  by  coiling  a  wire  more  or  less 
around  the  ring,  but  leaving  its  length  the  same. 

The  change  in  the  value  of  D.C.  is  due  to  the  change  in  the  resist- 
ance of  the  galvanometer  from  change  of  temperature,  copper  wire 
increasing  in  resistance  about  1  per  ctent  for  every  2° -6  0.  rise.  In 
Table  I  the  temperature  first  increased  slowly,  and  then,  after  remain- 
ing stationar}'  for  a  while,  fell  very  fast. 
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The  best  method  of  studying  these  Tables  is  to  plot  them:  one 
method  of  doing  this  is  to  take  the  trIuc  of  the  nmgneti zing-force  aa 
the  abscissa,  and  that  of  the  permeabiiity  as  the  ordinate;  this  is  the 
method  used  by  Dr.  Stoletow;  but,  besides  making  the  complete  curve 
infinitely  long,  it  forms  a  very  irregular  curve,  and  it  is  impossible  to 
get  the  maximum  of  magnetism  from  it.  Another  method  is  to  employ 
the  same  abscissas,  but  to  use  the  magnetism  of  the  bar  as  ordinates;: 
this  gives  a  regular  curve,  but  has  the  other  two  disadvantages  of  thB; 
first  method;  however,  it  is  often  employed,  and  gives  ft  pretty  goodP 
idea  of  the  action.  In  Plate  II,  1  have  given  a  plot  of  Table  V  with' 
the  addition  of  the  residual  or  permanent  magnetism,  which  shows  the. 
general  features  of  these  curves  as  drawn  from  any  of  the  Table*.  It; 
is  observed  that  the  total  magnetism  of  the  iron  at  first  increases  very 
fast  as  the  magnet izing-foree  increases,  but  afterwards  more  and  mors 
slowly  until  near  the  maximum  of  magnetism,  where  the  curve  if 
parallel  to  the  axis  of  Q.  The  concavity  of  the  curve  at  its  commence 
ment,  which  indicates  a  rapid  increase  of  permeability,  has  been  noticed 
by  several  physicists,  and  was  remarked  by  myself  in  my  experiments  of 
January.  ISTl:  it  has  now  been  brought  most  forcibly  before  the  public; 
by  Dr.  Stoletow,  whose  paper  refers  principally  to  this  point." 
Miiller  has  given  an  equation  of  the  form 

to  represent  this  curve;  but  it  fails  to  giva  any  concavity  to  the  firw 
part  of  the  curve.  A  formula  of  the  same  form  has  been  used  by  M.. 
Cazin ; "  but  his  experiments  carry  little  weight  with  them,  on  account 
of  the  small  variation  of  the  current  which  he  used,  this  being  only 
about  five  times,  while  I  have  used  a  variation  in  many  cases  of  mon 
than  three  hundred  times. 

Weber  has  obtained,  from  the  theory  that  the  particles  of  the  iro 
are  always  magnetic  and  merely  turn  round  when  the  magnetizinj 
force  is  applied,  an  equation  which  would  make  the  first  part  of  tl 
curve  coincide  with  the  dotted  line  in  Plate  11;"  and  Maxwell,  by  aiH 
tion  to  the  theory,  has  obtained  an  equation  which  replaces  the 

"  On  the  Mnpnetlilng  Function  of  Soft  Iron,  eBpeclnliy  with  the  weaker  dMol 
poBlng  powers.  By  Dr,  A.  Stoletow,  of  tbe  UniTersily  at  Moscow.  TrauslMeA 
tbe  Phil.  M&g,,  January.  1973.     Bee  pBrtlcnl&rly  p.  43. 

'»  Annalti  df  CMmle  et  dt  P/iytgui.  February  1B73,  p.  133. 

"  This  la  according  to  Msuwell'i  integration  of  Weber's  eqnalion.  Weber  hn-l 
made  some  mistake  In  the  iDtegratlou. 
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part  of  the  curve  by  tin.-  brukuii  line."  1  believe  that  I  have  ohtaiiied 
at  ihtf  least  a  vtry  close  approximation  to  the  tnie  equation  of  the  curve, 
and  will  show  further  mi  that  Q  and  M  must  satisfy  the  equation 

Q 

■>  --^  "  -  (10) 


^^Asm{ ^ / 


It  is  -very  probable  that  Weber's  theory  may  be  so  modified  as  to 
give  a  similar  equation. 

SpacQ  will  not  permit  me  to  disciiBS  the  curves  of  temporary  and 
penoancnt  magnetism;  but  I  will  call  attention  to  the  following  facts 
which  the  Tables  seem  to  establish. 

1.  Nearly  or  quilt  all  the  magnetism  of  a  bar  is,  with  weak  magTietiiiny- 
fareeg,  Umporary;  anil  this  is  mor«  apparent  in  steel  than  in  soft  iron. 

8.  Tfu  temporary  magnetism  increases  continually  with  the  current. 

3.  Ths  permanent  magnetism  at  first  increases  very  fast  with  the  current, 
but  afterwards  diminishes  as  the  current  increases,  when  the  iron  is  near 
itt  maximum  of  magnetism.'' 

I  hare  now  described  the  methods  of  plotting  the  Tables  hitherto 
usH;  and  I  will  now  describe  the  third,  which  is,  I  believe,  new.  This 
is  by  using  the  values  of  the  magnetism  of  the  bar  as  abscissas,  and 
t1io«ie  of  the  permeability  as  ordinates,  In  this  way  we  obtain  a  per- 
fectljf  regular  curve,  which  is  of  finite  dimensions,  and  from  which  the 
maiimum  of  magnetism  can  be  readily  obtained.  Plate  IH  shows  this 
method  of  plotting  aa  applied  to  Tabic  I.  Tf  we  draw  straight  lines 
■<?ross  the  curve  parallel  to  the  axis  of  Q  and  mark  their  centres,  we 
find  that  they  nlwnys  fall  very  esnctly  upon  a  straight  line,  which  is 
therefore  a  diameter  of  the  curve.  The  curve  of  nickel  shown  upon 
the  Mme  Plate  has  this  property  in  common  with  iron.  I  have  made 
tfereral  attempts  to  get  a  ring  of  cobalt;  hut  the  button  has  always 
been  too  porous  to  use.  However,  T  hope  soon  to  obtain  one,  and  thus 
make  the  law  general  for  all  the  magnetic  metals.  There  arc  two 
e<iQation!)  which  may  be  used  to  express  the  curve:  one  is  the  equation 
of  an  inclined  parabola:  but  this  fails  for  Ihc  two  ends  of  the  curve; 
tliP  other  is  an  equation  of  the  general  form 

i  =  ^.i„f«  +  «'+-«V  .  .  . 


(11) 


■  TtmtlMi  on  EtectrlcItT  aDd  Magnetism,  Maxwell,  vol.  fl,  chip.  vi. 

"  Tb«  laal  claaM  ot  tblt  senteDce  caDDOt  be  conaiilered  ;«t  &a  eat 
though  I  have  uthsr  carvei  than  thote  shown  liers  which  sbon  It  well 
WH  •ddfld  la  the  DiiglQal  paper  by  Prolessor  Rowland.] 
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in  which  ,4,  H,  D,  and  a  are  tonetants  depending  upon  the  kind  and 
quality  of  the  metal  used,  A  is  the  maximum  value  of  k,  and  gives 
the  height  of  the  curve  E  D,  Plate  III;  a  eBtablishes  the  inelination  of 
the  diameter;  //  ia  the  line  A  0;  and  D  depends  upon  the  line  A  C. 
The  following  equation,  adapted  to  degrees  and  fractions  of  a  degree, 
is  the  equation  from  which  the  values  of  k  were  found,  as  given  in 
Table  I : 

(Q  +j87^+_5000\ 
1000     "    / 


=  31-100  sin  ( 


The  large  curve  in  Plate  III  was  also  drawn  from  this,  and  the  dot» 
added  to  show  the  coincidence  with  observation;  it  is  seen  that  this  is 
almost  perfect.  As  i  enters  both  sides  of  the  equation,  the  calculatioa 
can  only  be  made  by  successive  approximations.  We  might  indeed  solve 
with  reference  to  Q;  but  in  this  case  some  values  of  ^as  obtained  from 
experiment  may  be  accidentally  greater  than  A,  and  so  give  an  imagi- 
nary value  to  Q. 

By  plotting  any  Table  in  this  way  and  measuring  the  diatance  0  0, 
we  have  the  maximum  of  magnetism. 

I  have  given  in  the  same  Plate  the  curve  drawn  from  the  observatioufl 
on  the  nickel  ring  with  Q  on  the  same  scale,  but  i  on  a  scale  four  time* 
as  large  as  the  other.     The  curve  of  nickel  satisfies  the  equation 
f  6-35i 


=  2120  Bin  - 


3tS0 


quite  well,  but  not  so  exactly  as  in  the  case  of  iron.  This  ring,  when 
closely  examined,  was  found  to  be  slightly  porous,  which  must  have 
changed  the  curve  slightly,  and  perhaps  made  it  depart  from  the  ■ 
equation. 

In  Table  VIII,  I  have  collected  some  of  the  values  of  the  constant 
in  the  formula  when  it  is  applied  to  the  different  rings  and  bars,  am 
have  also  given  some  columns  showing  the  maximum  of  magnetism 
When  any  blank  occurs,  it  is  caused  hy  the  fact  that  for  some  reaeoi 
or  other  the  observations  were  not  sufficient  to  determine  it.  Th 
values  of  a,  IT,  D,  and  the  value  of  X,  when  Q^=0,  can  in  most  casa 
only  be  considered  approximate;  for  as  they  all  vary  so  much,  I  did  n- 
think  it  necessary  to  caleukte  them  exadlj/.  For  comparison,  I  ha, 
plotted  Dr.  Stoletow'a  curve  and  deduced  the  results  given  in  the  TaW 
of  course  reducing  them  to  the  same  units  as  mine. 

It  will  be  observed  that  the  columus  headed  "  maximum  of  m ■ 

netism "  contain,  besides  the  maximum  magnetic  field,  two  coli 
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giving  the  tension  of  the  linos  of  force  per  square  centimetre  and  square 
inch  of  section  of  the  lines.     These  have  been  deduced  from  the  formula 

given  by  Maxwell "  for  the  tension  per  square  metre,  which  is     -^- 

absolute  units  of  force. 
This  becomes 

0*  .       1 

^  kilogrammes  per  square  centim  ,  • 


2465500000 

173240000  ^^''  P"'  '^"^'"  ^^"^'  J 

from  which  the  quantities  in  the  Table  were  calculated. 

It  is  seen  that  the  maximum  of  magnetism  of  ordinary  bar  iron  is 
about  175,000  times  the  unit  field,  or  177  lbs.  on  the  square  inch,  and 
for  nickel  63,000  times,  or  22-9  lbs.  on  the  square  inch.  For  pure  iron, 
however,  I  think  it  may  reach  180,000,  or  go  even  above  that.  It  is 
seen  that  one  of  the  Norway  rings  gave  a  very  high  result;  this  is 
explained  by  the  following  considerations.  All  the  iron  rings  were 
welded  except  this  one,  which  was  forged  solid  from  a  bar  2  inches 
wide  and  then  turned.  Even  the  purest  bar  iron  is  somewhat  fibrous; 
and  between  the  fibres  we  often  find  streaks  of  scale  lying  lengthwise 
in  the  bar  and  so  diminishing  the  section  somewhat  if  the  ring  be 
welded  from  the  bar;  when,  however,  it  is  forged  solid,  these  streaks 
are  thoroughly  disintegrated;  and  hence  we  find  a  higher  maximum 
of  magnetism  for  a  ring  of  this  kind,  and  one  approaching  to  that  of 
pure  iron.  But  a  ring  made  in  this  way  has  to  be  exposed  to  so  much 
heating  and  pounding  that  the  iron  is  rendered  unhomogeneous.  and  a 
tail  appears  to  the  curve  like  that  in  Table  III.  It  is  evident  that  this 
tail  must  always  show  itself  whenever  the  section  of  the  ring  is  not 
homogeneous  throughout. 

Hence  we  may  conclude  that  the  greatest  weight  which  can  be  sus- 
tained by  an  electromagnet  with  an  infinite  current  is,  for  good  but  not 
pure  iron,  351  lbs.  per  square  inch  of  section,  and  for  nickel  46  lbs. 

Joule "  has  made  many  experiments  on  the  maximum  sustaining- 
power  of  magnets,  and  has  collected  the  following  Table,  which  T  give 
complete,  except  that  T  have  replaced  the  result  with  his  large  magnet 
bv  one  obtained  later. 

It  is  seen  that  these  are  all  below  mv  estimate,  as  thev  should  be. 

''Treatise  on  Electricity  and  Mairnetism,  vol.  ii,  p.  256. 
5*  Phil.  Mag.,  1851. 
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Wm  compaiison^  I  have  added  a  column  giving  the  values  of  Q  which 
would  give  the  sustaining-power  observed;  some  of  these  are  as  high 
as  any  I  have  aduatty  obtained^  thus  giving  an  experimental  proof  that 
my  estimate  of  354  lbs.  cannot  be  far  from  correct^  and  illustrating 
the  beauty  of  the  absolute  system  of  electrical  measurement  by  which^ 
from  the  simple  deflection  of  a  galvanometer-needle^  we  are  able  to 
predict  how  much  an  electromagnet  will  sustain  without  actually  trying 
the  experiment. 

TABLE  IX. 


IfagiMt  bekmffing  to 

Least  area  of 

■eotlon,  square 

inch. 

Weifl^t 
sustained. 

Weight  suft- 
tamed  -t- 
least  area. 

Q. 

Mr.  Nesblt.. .!!.!.. 

10. 
•196 
•0486 
•0012 

4-5 

8-94 
•196 

2775 

49 

12 

•202 

1428 

760 

50 

277 
250 
275 
162 
817 
190 
255 

• 

154700 
147000 
154100 
118800 
165500 
128200 
148500 

Prof.  Henry 

Mr.  Sturgeon 

In  looking  over  the  columns  of  Table  YIII^  which  contain  the  values 
of  the  constants  in  the  f ormula^  we  see  how  futile  it  is  to  attempt  to 
give  any  fixed  value  to  the  permeability  of  iron  or  nickel;  and  we  also 
see  of  how  little  value  experiments  on  any  one  kind  of  iron  are.  Iron 
differs  as  much  in  magnetic  permeability  as  copper  does  in  electric 
conductivity. 

It  is  seen  that  in  the  three  eases  when  iron  bars  have  been  used,  the 
value  of  a  is  negative;  we  might  consider  this  to  be  a  general  law,  if  I 
did  not  possess  a  ring  which  also  gives  this  negative.  All  these  bars 
had  a  length  of  at  least  120  times  their  diameter. 

The  mathematical  theory  of  magnetism  has  always  been  considered 
one  of  the  most  difficult  of  subjects,  even  when,  as  heretofore,  /i  is 
considered  to  be  a  constant;  but  now,  when  it  must  be  taken  as  a  func- 
tion of  the  magnetism,  the  difficulty  is  increased  many  fold.  There  are 
certain  eases,  however,  where  the  magnetism  of  the  body  is  uniform, 
which  will  not  be  aflFected. 

Troy,  June  2,  1873. 
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ON  THE  MAGNETIC  PERMEABILITY  AND  MAXIMUM  OF 
MAGNETISM  OF  NICKEL  AND  COBALT 

IPhilomphKal  Magazine  [1],  XL  VIII,  331-340,  1874] 

Some  time  ayo  a  paper  of  mine  on  tlie  magnetic  permeability  of  iro 
steel,  and  nickel  was  published  in  the  Pliilofiophical  Magazine  (August, 
18'V3J;  and  the  present  paper  ia  to  be  considered  aa  a  continuation  ol 
ihat  one.  But  before  proeetdiug  to  the  experimental  results,  I  should 
like  to  make  a  few  remarks  on  the  theory  of  the  subject.  The  mathe- 
matical theory  of  magnetism  and  clectriciiy  is  at  present  developed  in 
two  radically  different  manners,  although  the  results  of  both  methods  of 
treatment  are  in  entire  agreement  with  experiment  as  far  as  we  can' 
at  present  see.  The  first  is  the  German  method;  and  the  second  Ib 
Faraday's,  or  the  English  method.  When  two  magueta  are  placed  near 
each  other,  we  observe  that  there  is  a  mulual  force  of  attraction  or; 
repulsion  between  them.  Now,  according  to  the  German  philosopher^ 
this  action  takes  place  at  a  distance  without  the  aid  of  any  intervening 
medium:  they  know  thai  the  action  takes  place,  and  they  know  the 
laws  of  that  action;  but  there  they  rest  content,  and  seek  not  to  f 
how  the  force  traverses  the  space  between  the  bodies.  The  Englisli 
philosophers,  however,  led  by  Newtou,  and  preeminently  by  Faradaj, 
have  seen  the  absurdity  of  the  proposition  that  two  bodies  can  act  npol 
each  other  across  a  perfectly  vacant  space,  and  have  attempted  to  e 
plain  the  action  by  some  medium  through  which  the  force  can  be  tram 
mitted  along  what  Faraday  has  called  "lines  of  force." 

These  differences  have  given  rise  to  two  different  ways  of  looki 
upon  magnetic  induction.  Thus  if  we  place  an  electromagnet  near  I 
compass-needle,  the  Germans  woidd  say  that  the  action  was  due  in  pal 
to  two  causes — the  attraction  of  the  coil,  and  the  magnetism  induced  ii 
the  iron  by  the  coil.  Those  who  hold  Faraday's  theory,  on  the  otha 
hand,  would  consider  the  substance  in  the  helix  as  merely  "  conduct 
ing  "  the  lines  of  force,  so  that  no  action  would  be  exerted  directly  a 
the  compass-needle  by  the  coil,  but  the  latter  would  only  affect  it  u 
virtue  of  the  lines  of  force  passing  along  its  interior,  and  so  there  conl 
be  no  attraction  in  a  perfectly  vacant  space. 
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.Vccoriliog  to  the  first  theorj,  the  magnetization  of  the  iron  is  repre- 
Mi)t4.-<1  by  the  excess  of  the  action  of  the  electromagnet  over  that  of  the 
coil  alone;  while  by  the  second,  when  the  coil  is  very  close  around  the 
iron,  the  whole  action  is  due  to  the  magnetization  of  the  iron.  The 
ualurul  nnit  of  magDeligm  to  be  used  in  the  first  theory  is  that  ijuantity 
whieh  will  repel  an  et^ual  ijuantity  at  a  unit's  distance  with  a  unit  of 
ftirce;  on  the  second  it  is  the  number  of  lines  of  force  which  pass 
tliruo^h  ft  unit  of  surfat^e  when  that  surface  is  placed  in  a  unit  field 
perpendicular  to  the  lines  of  force.  The  first  unit  is  i^  times  the 
»«cond.  Now  whi*n  a  magnetic  force  of  intensity  f>'  acts  upon  a  mag- 
netic substance,  we  shall  have  9  =  §+  4-3,  in  whith  i8  is  the  mag- 
netization of  the  substance  according  to  Faraday's  theory,  and  is  what 
I  formerly  called  the  magnetic  field,  hut  which  I  shall  hereafter  call, 
after  Profeseor  Maxwell,  the  magnetic  induction.  3  is  the  intensity 
of  magnetization  according  to  the  German  theory,  expressed  in  terms 
of  the  magnetic  moment  of  the  unit  of  volume.  Now,  when  the  sub- 
stance is  in  the  shape  of  an  infinitely  long  rod  placed  in  a  magnetic  field 
parallel  to  the  lines  of  force,  the  ratio  ^  =/<  is  called  the  magnetic 
permeability  of  the  substance,  and  the  ratio  ^  =  1  is  Neumann's  co- 
efScieut  n(  magnetization  by  induction.  Now  experiment  shows  that 
for  large  values  of  !o  the  values  of  both  //  and  <  decrease,  so  that 
we  may  expect  either  3  or  both  SB  and  3  to  attain  a  maximum  value. 
In  my  former  paper  I  as.sumed  that  S  as  well  as  3  attain  a  maxi- 
mam;  but  on  further  considering  the  subject  I  see  that  we  have  no  data 
for  detennining  which  it  is  at  present.  If  it  were  possible  for  31  to 
atuin  A  maximum  value  so  thai  /(  should  approach  to  0,  «  would  he 
negBtive,  and  the  suhslance  would  then  become  diamagnetic  for  very 
high  tnagncttzing  forces.'  This  is  not  contrary  fo  observation;  for  at 
pretwnl  we  lack  the  means  of  producing  a  sufficiently  intense  magnetic 
field  to  tept  this  experimentally,  at  least  in  the  case  of  iron.  To  pro- 
dtu-e  this  effect  at  ordinary  temperatures,  we  must  have  a  magnetic  field 
(freaier  than  the  following— for  iron  175,000,  for  nickel  63,500,  and  for 


'  I  •hall  bcreaftar  Id  iIJ  my  P*P"ri  a«e  the  untatlon  m 
•TrsBtlM  as  Klvctrlclly  and  MNtcnvtlsm  ;'  fur  compiri 
el**  Iko  full-.wlne: 

S  lu  thi>  pupcr  =  Q  Id  former  i 


Bt^eti  In  Professor  Msxwell's 
on   with  my  fornor  paper  I 


^ 


on  Elrctrlcll?  and  Ms^etlBH 


68  Henry  A.  Rowland 

cobalt  about  100,000  (?).  These  quantities  are  entirely  beyond  our 
reach  at  present,  at  least  with  any  arrangement  of  solenoids.  Thus, 
if  we  had  a  helix  G  inches  in  diameter  and  3  feet  long  with  an  aperture 
of  1  inch  diameter  in  the  centre,  a  rough  calculation  shows  that,  with 
a  battery  of  350  large  Bunsen  cells,  the  magnetic  field  in  the  interior 
would  only  be  15,000  or  20,000  when  the  coils  were  arranged  for  the 
best  effect.  We  might  obtain  a  field  of  greater  intensity  by  means  of 
electromagnets,  and  one  which  might  be  sufficient  for  nickel;  but  we 
cannot  be  certain  of  its  amount,  as  1  know  of  no  measurement  of  the 
field  produced  in  this  way.  But  our  principal  hope  lies  in  heating  some 
body  and  then  subjecting  it  to  a  very  intense  magnetizing-f orce ;  for  I 
have  recently  found,  and  will  show  presently,  that  the  maximum  of 
tnatjnetization  of  nickel  and  iron  decreases  as  the  temperature  rises,  at 
teast  for  the  two  temperatures  0**  C.  and  220**  C.  I  am  aware  that  iron 
and  nickel  have  been  proved  to  retain  their  magnetic  properties  at  high 
temperatures,  but  whether  they  were  in  a  field  of  sufficient  intensity  at 
the  time  cannot  be  determined.  The  experiment  is  at  least  worth  try- 
ing by  some  one  who  has  a  magnet  of  great  power,  and  who  will  take 
the  trouble  to  measure  the  magnetic  field  of  the  magnet  at  the  point 
where  the  heated  nickel  is  placed.  This  could  best  be  done  by  a  small 
coil  of  wire,  as  used  bv  Verdet. 

But  even  if  it  should  be  proved  that  S  does  not  attain  a  maximum, 
but  only  ;J,  it  cHuild  still  be  explained  by  Faraday's  theory;  for  w& 
should  simply  have  to  suppose  that  the  magnetic  induction   9  was 
com|H»siHl  of  two  inirts — the  first  part,  4^3?  being  due  to  the  magnetic 
atoms  alone,  and  the  second,  >!>,  to  those  lines  of  force  which  traversed 
the  ;vther  between  the  atoms.     To  determine  whether  either  of  these 
quantities  has  a  maximum  value  ran  probably  never  be  done  by  experi- 
ment ;  we  n\ay  Ih^  able  to  approach  the  point  very  nearly,  but  can  never 
arrive  at  it,  sooinsr  that  we  should  net^d  an  infinite  magnetizing-force  to 
do  so.     IUmuc  its  exist euve  and  mairnitude  must  alwavs  be  inferred 
fr\MU  tlie  oxporimonts  by  some  suvh  prvxvss  as  was  used  in  my  first 
[uipor.  w?>or\^  the  vurvo  ot  i^ormeability  was  ^.I'^ntinueil  bt*vond  the  point 
to  whivh  the  ox;H*ri!r.out>  wor\^  carried.     Neither  does  experiment  up 
to  the  ^r^'ser.t  tii»u^  furnish  any  eluo  as  to  whether  it  is  8  or  3  which 

As  r^e  rv.;i::er  <  :v.  :h:s  ur-vitvivU^i  stare.  I  shall  hereafter  in  most 
oases  va\v/.a:t'  :v: '*.  ^  J*-'^-  *  ^^^  ^>*''  «^->  ^  and  «.  as  I  am  willing  to  admit 
that  i^  '■:  Vr  '*;i^t^  a  '^hy>:  ;»*.  s.:::*:o,s:v:-   :>  wo*/,  as^.  even  on  Faraday's 


i 


MaGXKTIC   I'URMEAB 


■    OF    NU'KKL    ANII    CoBALT 


59 


There  is  a  difficulty  ui  oblaiiiing  u  guod  series  of  experinietits  on 
nickel  tad  cobalt  which  does  uot  trxist  in  the  case  of  irou.  It  is  prin- 
cipally owing  to  the  great  change  in  magnutic  permeabilit}'  of  these 
&obet«Dces  by  heat,  and  also  to  theit  aniall  permeability.  To  obtain 
sufficient  inaguelizing- force  to  trace  out  the  curve  of  [icrmealiility  to  a 
reaaonable  distance,  we  ro(|uin.'  at  least  two  layers  of  wire  on  the  rings. 
anil  have  to  send  through  that  wire  a  very  strong  current.  In  this  way 
grwit  hrnt  is  developed;  and  on  account  of  there  being  two  layers  of 
wir*  it  cannot  escape;  and  the  ring  being  thus  heated,  its  permeability 
is  changed.  So  much  is  this  the  case,  that  when  the  rings  are  in  the 
air,  and  the  strongest  current  cireulating.  the  silk  is  soon  burned  off  the 
wire;  and  to  obviate  this  1  have  in  these  experiments  always  itnincrsed 
tho  rings  in  some  non-conducting  li(|Uid.  such  as  alcohol  for  low  icni- 
)iersture«  and  melted  paraffin  tor  high  temperatures,  the  riugi*  being 
suspended  midway  in  the  liquid  to  allow  free  circulation.  But  1  have 
now  rrason  to  suspect  the  ettieacy  of  this  arrangement,  especially  in  the 
caae  of  the  paraffin.  The  experiments  described  in  this  paper  were 
made  at  such  odd  times  as  I  could  command,  and  the  first  ones  were  not 
Ihnmnghly  discussed  until  the  aeries  was  almost  completed;  hence  1 
liave  not  been  so  careful  lu  guard  against  this  error  as  I  shall  be  in  the 
(nturc.  This  can  be  done  in  the  following  manner — namely,  by  letting 
th*  current  pass  through  the  ring  for  only  a  shirt  time.  But  there  is  a 
difficulty  in  this  method,  hwause  if  the  current  is  stopped  the  battery 
will  recruit,  and  the  moment  it  is  joined  to  the  ring  a  large  and  rapidly 
decrmf^ing  current  will  pass  which  it  is  impossible  to  measure  accu- 
rately. I  have,  however,  devised  the  following  method,  which  1  will 
apply  in  future  experiments.  It  is  to  introduce  into  the  circuit  between 
the  tangent -galvanometer  and  the  ring  a  current-changer,  by  whicli  the 
current  can  be  switched  off  from  the  ring  into  another  wire  of  the  same 
reeifltance.  so  that  the  current  from  the  battery  shall  always  be  eon- 
ntanl.  Just  before  milking  an  oliservation  the  current  ia  turned  back 
into  the  ring,  a  reading  is  taken  of  the  tangent-galvanometer  by  an 
ssMixIaDt.  and  immediately  afterward  the  current  is  reversed  and  the 
rrailing  taken  for  Ihe  indiieert  current;  the  tangent-galvanometer  is 
then  again  read  with  the  needle  on  the  other  side  of  the  zero-point. 
The  pressure  of  outside  duties  at  present  precludes  me  from  putting  this 
in  practit'c.  But  Ihe  results  which  I  have  obtained,  though  probably 
iafluADeed  in  the  higher  magnetizing- forces  by  this  heating,  are  still 
«o  novel  that  they  must  possess  value  notwithstanding  this  defect;  for 
thrv  contain   the  only  experiments  yet    made  on   the  permeability  of 


GO  Henry  A.  Eowland 

cobalt  at  ordinary  temperatures,  and  ol  iron,  nickel,  and  cobalt  at  high 
temperatures. 

The  rings  of  nickel  and  cobalt  which  I  have  used  in  the  experiments 
of  this  paper  were  all  turned  from  buttons  of  metal  obtained  by  fusing 
under  glass  in  a  French  crucible,  it  having  been  found  that  a  Hessian 
crucible  was  very  much  attacked  by  the  metal.  The  crucibles  were  in 
the  fire  three  or  four  hours,  and  when  taken  out  were  verv  soft  from 
the  intense  heat.  As  soon  as  taken  out,  the  outside  of  the  crucible  was 
wet  with  water,  so  as  to  cool  the  metal  rapidly  and  prevent  crystalliza- 
tion; but  even  then  the  cooling  inside  went  on  very  slowly.  As  the 
physical  and  chemical  properties  of  these  metals  exercise  great  influence 
on  their  magnetic  properties,  I  will  give  them  briefly.  A  piece  of  nickel 
before  melting  was  dissolved  in  HCl;  it  gave  no  precipitate  with  H-S , 
and  there  were  no  indications  of  either  iron  or  cobalt.  A  solution  of 
the  cobalt  gave  no  precipitate  with  H-S,  but  contained  small  traces  of 
iron  and  nickel.  After  melting  the  metals  no  tests  have  been  made  up 
to  the  present  time;  but  it  is  to  be  expected  that  the  metals  absorbed 
some  impurities  from  the  crucibles.  They  probably  did  not  contain 
finv  carbon.  One  button  of  each  metal  was  obtained,  from  each  of 
which  two  rings  were  turned.  The  cobalt  was  quite  hard,  but  turned 
well  in  the  lathe,  long  shavings  of  metal  coming  off  and  leaving  the 
metal  beautifully  polished.  The  metal  was  slightly  malleable,  but  fin- 
ally broke  with  a  fine  granular  fracture.  The  rings  when  made  were 
slightly  sonorous  when  struck;  and  the  color  was  of  a  brilliant  white 
slightly  inclined  to  steel-color,  but  a  little  more  red  than  steel.  The 
nickel  was  about  as  hard  as  wrought  iron,  and  was  tough  and  difficult 
to  turn  in  the  lathe,  a  constant  application  of  oil  being  necessary,  and 
the  turned  surface  was  left  very  rough;  the  metal  was  quite  malleable, 
but  would  become  hard,  and  finally  fly  apart  when  pounded  down  thin  if 
not  annealed.  When  the  rings  were  struck,  they  gave  a  dead  sound  as 
if  made  of  copper.  In  both  cases  the  specific  gravity  was  considerably 
higher  than  that  generally  given  for  cast  metal;  but  it  may  be  that  the 
metal  to  which  thev  refer  contained  carbon,  in  which  case  it  would  be 
more  easily  melted.  There  is  great  liability  to  error  in  taking  the 
specific  gravity  of  these  metals,  because  they  contract  so  much  on  cool- 
ing, and  unless  this  is  carried  on  rapidly  crystals  may  form,  between 
which,  as  the  metal  contracts,  vacant  spaces  may  be  left.  As  the 
specific  gravity  of  my  rings  approaches  to  that  of  the  pure  metals  pre- 
cipitated by  hydrogen,  T  consider  it  evidence  of  their  purity.  The 
dimensions  of  the  rinas  and  their  other  constants  are  as  follows:  — 
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Blng. 

Weight  f» 
ooeuo^ia 

Loss  In  water 
atA^'CIn 
granmee. 

Speolflo 
gravity. 

Mean  dia- 
meter, in 
centimetres. 

:EHekeI,KaI.     

IHekol,  No.  n.  

CdlMat,No.L     

Cobalt,  No.  IL 

21*828 

.... 

10-011 

4*681 

3-4560 

■  •  •  • 

1*1435 
•5846 

8*886 
8-887 
8*7558 
8*7550 

8*28 

.... 
2*48 
1-81 

BlDf. 

Mean  cinmin- 

fexenoe,!!! 

centlmetrefl. 

Number  of 

coils  of  wire 

on  ring. 

Coils  per 

.  metre  of  oir- 

onmference. 

Area  of  sec- 
tion, in  square 
centimetres. 

Nickel,  No.  I 

NIekal,  No.  II 

Cobalt,  No.  I 

Cobalt,  No.  II 

10-804 

•  • .  • 

7*791 

5*686 

818 

•  •  •  ■ 

348 

158 

8086 
• « • . 
8119 
3779 

•3884 
. . .  ■ 
1467 
-09408 

Tip  to  the  present  time  cnly  the  rings  whose  dimensions  are  given 
luiTe  been  nsecL 

The  following  Tables  from  the  nickel  ring  No.  I  leave  little  to  be 
desired  in  point  of  regolarity^  and  confirm  the  fact  proved  in  my  first 
paper^  that  the  laws  deduced  fmr  iron  hpld  also  for  nickel^  and  also 
confirm  the  value  given  in  my  other  paper  for  the  maximum  value  of 
magnetization  of  nickel.  But  the  most  important  thing  that  they  show 
18  the  effect  of  heat  upon  the  magnetization  of  nickel;  and  Table  III 
contains  the  first  numerical  data  yet  obtained  on  the  effect  of  heat  on 
the  magnetic  properties  of  any  substance. 

As  all  the  rings  were  wound  with  two  layers  of  wire,  a  slight  correc- 
tion was  made  in  the  value  of  5)  for  the  lines  of  inductive  force  which 
passed  through  the  air  and  not  through  the  metal.  In  all  the  experi- 
ments of  this  paper  greater  care  was  used  to  obtain  T  than  in  the  first 
paper.  Each  value  of  §,  33,  and  T  is  the  mean  of  four  readings.  In 
all  the  Tables  I  have  left  the  order  of  the  observations  the  same  as  that 
in  which  they  were  made,  and  have  also  put  down  the  date,  as  I  now 
have  reason  to  suspect  that  the  leaving  of  a  ring  in  the  magnetized  state 
in  which  it  is^fter  an  experiment  will  in  time  affect  its  properties  to  a 
small  extent.  Let  me  here  remark  that  the  time  necessary  to  simply 
make  the  observations  is  only  a  very  small  fraction  of  that  required  to 
prepare  for  them  and  to  afterwards  discuss  them.  And  this,  with  the 
small  amount  of  time  at  my  disposal,  will  account  for  the  late  day  at 
which  I  publish  my  results. 

The  following  is  the  notation  used,  the  measurements  being  made  on 
that  absolute  system  in  which  the  metre,  gramme,  and  second  are  the 
fundamental  units. 
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$  is  the  magnetizing-force  acting  on  the  metal. 
95  is  the  magnetic  induction  within  the  metal  (see  Maxwell's  ^  Trea- 
tise on  Electricity  and  Magnetism,'  arts.  400,  592,  and  604). 

fi  is  the  magnetic  permeability  of  the  metal  =    =4-ic4-l. 

T  is  the  portion  of  95  which  disappears  when  the  current  is  broken. 
P  is  the  portion  of  95  which  remains  when  the  current  is  broken. 

3  is  the  intensity  of  magnetization  =:vJIliP. 

K  is  Neumann's  coefficient  of  induced  magnetization  =  ^. 

TABLE  I. 

Cast  Nickel,  Normal,  at  15<>  C. 

Experiments  made  November  29,  1873. 


^ 

« 

12-84 

675 

26 

85 

2169 

45 

14 

7451 

56 

12 

11140 

70 

78 

15410 

77 

52 

17100 

90 

76 

20180 

115 

4 

25170 

139 

4 

28540 

172 

9 

32460 

195 

3 

.84630 

229 

5 

37340 

275 

-9 

40860 

415 

2 

46470 

727 

•0 

52690 

1042 

55680 

•  •  • 

• 

63420 

6i>. 

served. 


Caicu-    Error, 
lated. 


52 
80 
165 
198- 
217- 
220 
222 
218 
204 
187- 
177 
162 
148 
111 
72 
53 


6 
8 
1 
5 
8 
6 
3 
2 
7 
8 
8 
8 
1 
9 
5 
4 


46-4 
80-6 
166-8 
199-1 
217-5 
220-6 
222  0 
214-3 
204-3 
186-6 
179-1 
165-5 
146-3 
112-8 
72-8 
.52-8 
0 


—6-2 
2 
7 
6 
3 
0 

.—  -3 
9 
4 
2 
8 
7 
8 
9 
3 
6 


—3 

-1 
1 
2 

-1 


1263 

2894 

3788 

5018 

5454 

6483 

8313 

10100 

12530 

13320 

15720 

17960 

22560 

28020 

30680 


P. 


906 
4557 
7352 
10392 
11646 
13697 
16857 
18440 
19930 
21310 
21620 
22900 
28910 
24670 
25000 


3. 


52- 
170- 
589- 
882- 
1221 
1355 
1599 
1994 
2260 
2569 
2740 
2953 
3230 
3665 
4135 
4344 
4940 


Ob- 
8er\'ed. 


4 

6 

13 

15 

17 

17 

17 

17 

16 

14 

14 

12 

11 

8 

5 

4 


10 
35 
06 
72 
25 
47 
61 
28 
21 
86 
03 
87 
71 
82 
69 
17 


Calcu- 
lated. 


3 

6 

13 

15 

17 

17 

17 

16 

16 

14 

14 

13 

11 

8 

5 

4 

0 


•65 
-27 
-08 
-70 
•21 
-47 
•60 
•98 
•18 
•93 
•12 
•02 
•46 
•77 
•64 
•17 


!=:222  sin  ( 


g-f  53yu-f  1200 
359 


)■ 


K=17  6  sin 


3-f50K-f  100 


28 
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TABLE  II. 
Cast  Nickel,  Magnetic,  at  12®  C. 
Experiments  made  December  6,  1873. 


Error. 


•45 
•08 
•02 
•02 
•04 

0 

•01 
•30 
.03 
•07 
•09 
•15 
•35 
•05 
•05 

0 


4>. 

23-25 

«. 

M. 

T. 

P. 

C!;. 

K. 

1245 

58-55 

•  •  •  • 

•  •  •  • 

97-2 

418 

4769 

7786 

163-3 

8095 

4691 

615-8 

12- 

91 

.57-78 

11460 

198-3 

3740 

7720 

907-3 

15 

70 

73-43 

16040 

218-5 

5032 

11008 

1270-6 

17- 

30 

88-23 

19790 

224-3 

6554 

1.3286 

1568 

17 

77 

107-3 

1  23530 

219-2 

7020 

1.5910 

1864 

17 

36 

153.S 

80160 

196- 1 

10940 

H»220 

2388 

15 

52 

206-3 

35880 

1740 

14030 

21850 

2889 

18 

76 

296-4 

41810 

139-4 

18390 

22920 

3264 

11 

•01 

421-8 

46520 

110-3 

22520 

24000 

3668 

8-70 
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table  III. 
Cast  Nickel,  Magnetic,  at  220^  C. 
Experiments  made  December  ^  1 878. 


i>. 

8. 

M. 

t. 

P. 

3. 

<t. 

22ftO 

4502 

199-2 

2671 

1881 

356-4 

15-77 

45  06 

14000 

3108 

5470 

8580 

1111 

24-65 

52*96 

16660 

814-6 

6850 

10810 

1822 

24-96 

67-42 

20800 

801-1 

7722 

12578 

1602 

28-88 

80-69 

22540 

279-8 

8914 

18626 

1787 

22  15 

106-4 

26420 

248-3 

11140 

15280 

2094 

19-68 

150-8 

80740 

208-8 

14040 

16700 

2484 

16-14 

191  0 

38580 

175-6 

15940 

17590 

2658 

18-89 

2M-8 

88800 

129-9 

20240 

18060 

8924 

10-26 

553-6 

42680 

770 

24860 

18270 

8848 

605 

789-8 

43900 

55-6 

26060 

17840 

8481 

4-845 

1 

Ex] 

)erimeiit8  made  Dec( 

imber  10,  ' 

1878. 

13-00 

1587 

118-2 

•  •  •  • 

•   •  •   • 

109-2 

9-38 

22-87 

4262 

190-5 

•   •   •   • 

•   «   •   • 

887-4 

15-08 

2515 

5887 

212-2 

•  •  •  • 

•   •   •   • 

422-7 

16-81 

8819 

9486 

285-8 

4055 

5431 

752-8 

22-15 

43-28 

18570 

813-6 

5357 

8218 

1076 

24-88 

In  Table  I  are  given  the  results  for  nickel  at  about  15°  C,  together 
with  the  values  of  /i  and  «  calculated  from  the  formulae  given  below  the 
Table.  We  see  that  the  coincidence  is  almost  perfect  in  both  cases, 
which  thus  shows  that  the  formula  which  we  have  hitherto  used  for  X 
ttd^  can  also  be  applied  to  «,  at  least  within  the  limit  of  experiments 
hitherto  made,  although  it  must  at  last  depart  from  one  or  the  other 
of  the  curves.  The  greatest  relative  error  is  seen  to  be  in  the  first 
^ne,  where  f)  is  small:  this  does  not  indicate  any  departure  from  the 
c^rve,hut  is  only  due  to  the  too  small  deflections  of  the  galvanometer; 

and  the  error  indicates  that  of  only  a  small  fraction  of  a  division  at  the 

galvanometer. 
In  the  calculation  of  ai  and  «  a  method  was  used  which  may  be  of 

^e  to  others  in  like  circumstances,  who  have  to  calculate  a  large  num- 

her  of  values  of  one  variable  from  a  function  which  cannot  be  solved 

with  reference  to  that  variable,  but  can  be  solved  with  reference  to  the 

other.   Thug  we  have 

*nich  can  be  solved  with  reference  to  93  but  not  to  ft;  for  wc  have 


(1) 


» 


=  Z)8in~'(^)— J,!t  —  r.  . 


.     .     (2) 
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Suppose  we  have  values  of  95,  and  wish  to  find  the  corresponding  values 
of  ./^  We  first  calculate  a  few  values  of  5}  from  (2)  so  that  we  can  plot 
the  curve  connecting  5)  and  //.  We  then  from  the  plot  select  a  value 
of  fi  which  we  shall  call  //',  as  near  the  proper  value  as  possible,  and 
calculate  the  corresponding  value  of  93,  which  we  shall  call  93'.  Our 
problem  then  is,  knowing  93'  and  //,  to  find  the  value  of  //  corresponding 
to  93  when  this  is  nearly  equal  to  93'.  Let  93'  receive  a  small  increment 
J93',  so  that  93  =  93'  +  J93';  then  we  have,  from  Taylor's  theorem,  since 
;i  =  ^  (93'  +  J93')  and  //'=  ^  (95'), 

Remembering  that  the  constants  in  (1)  refer  to  degrees  of  arc  and 
not  to  the  absolute  value  of  the  arc,  we  have 

'  I                93 — 93  ,    B,- 

/I  =  /I   H j^ = h  OuC, 

which  is  in  the  most  convenient  form  for  calculation  by  means  of 
Barlow's  Tables  of  squares,  &c.,  and  is  very  easy  to  apply,  being  far 
easier  than  the  method  of  successive  approximation. 

On  comparing  the  magnetic  curve  Table  II  with  the  normal  curve 
Table  I,  we  see  that  the  magnetic  curve  of  nickel  bears  the  same  rela- 
tion to  the  normal  curve  as  we  have  already  found  for  iron;  that  is, 
the  magnetic  curve  falls  below  the  normal  curve  for  all  points  before 
the  vertex,  but  afterwards  the  two  coincide. 

Hence  we  see  that  at  ordinary  temperatures  the  magnetic  properties 
of  nickel  are  a  complete  reproduction  of  those  of  iron  on  a  smaller  scale. 
But  when  we  come  to  study  the  effect  of  temperature  we  shall  find  a 
remarkable  difference,  and  shall  find  nickel  to  be  much  more  susceptible 
than  iron  to  the  influence  of  heat. 

In  Table  III  we  have  experiments  on  the  permeability  of  nickel  at 
a  high  temperature,  the  ring  being  maintained  at  220°  C.  by  being 
placed  in  a  bath  of  melted  paraffin:  in  this  bath  the  silk  covering  of 
the  wire  remained  quite  perfect,  but  after  many  hours  became  some- 
what weak.  After  completing  the  experiments  on  this  and  the  cobalt 
rings,  on  unwinding  some  of  them  I  found  the  outside  layer  quite  per- 
fect; but,  especially  in  the  smallest  ring,  the  silk  on  the  inside  layer 
was  much  weaker,  although  the  insulation  was  still  perfect  when  the 
wire  was  in  place.  1  can  only  account  for  this  by  the  electric  current 
generating  heat  in  the  wire,  which  was  unable  to  pass  outward  because 
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I  (if  the  outEide  layer  aiid  also  of  the  pieces  of  paper  which  were  used  to 
t«pBrate  the  layers  uf  wire;  bonce  the  ring  at  high  magnetizing-powers 
must  have  been  at  a  somewhat  higher  temperature  than  the  bath,  to  an 

I  uuooBt  which  it  is  impossible  to  estiniate.     It  is  probable  that  it  was 

not  rery  great,  however;  tot  at  this  high  temperature  continued  for 

hours  it  requires  but  little  increase  of  heat  to  finally  destroy  the  silk. 

We  can,  however,  tell  the  direction  of  the  error. 

We  see,  on  comparing  Tables  I  and  II  with  Table  UI,  the  great 

'  effect  of  heat  on  the  magnetic  properties  of  nickel.     We  see  that  for 

I  low  nugnetization  the  permeability  is  greatly  incrtased,  which  is  just 
opposite  to  what  we  might  expect;  but  on  plotting  the  curve  we  also 

I  aolice  the  equally  remarkable  fact,  that  the  maximum  of  magnetization 


i  from  9=63,400  or  3  =  4940  to  !p==  49,000  or  3=3800. 
B  cnriout  result  is  shown  in  the  annexed  figure,  where  we  see  that 
I' (or  low  magnetizing- forces  /t  is  increased  to  about  three  or  four  times 
1  iu  value  at  15°  C,  and  the  maximum  value  of  //  is  increased  from  222 
I  to  31S.  When  9  has  a  value  of  33,000,  /i  is  not  affected  by  this  change 
I  of  temperature,  seeing  that  the  two  curves  coincide;  hut  above  that 
Ipoint  p  is  leas  at  220"  C.  Uian  at  15°  C.  In  other  words,  if  nickel  is 
WlieaU4  from  15°  C.  to  220°  C,  the  magnetisation  of  nickel  will  increase  if 
■  A«  ma^etizing-force  is  small,  but  wiU  decrease  if  it  is  large.  It  is  impos- 
Idble  to  say  at  present  whether  increase  of  temperature  above  220°  will 
f  ilWDyB  produce  effects  in  the  same  direction  as  below  it  or  not. 

TheftC  remarkable  effects  of  heat,  it  seems  to  me,  will,  when  followed 
I  cat,  lead  to  the  discovery  of  moat  important  connections  between  heat 
I  ud  maguctism,  and  will  finally  result  in  giving  us  much  more  light 
tnpon  the  nature  of  heat  and  magnetism,  and  that  equally  important 
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question  of  what  is  a  molecule.  To  accomplish  this  we  must  obtain  a 
series  of  curves  for  the  same  ring  between  as  wide  limits  of  temperature 
as  possible.  We  must  then  plot  our  results  in  a  suitable  manner;  and 
from  the  curves  thus  formed  we  can  find  what  would  probably  happen 
if  the  temperature  were  lowered  to  the  absolute  zaro,  or  were  increased 
to  the  point  at  which  nickel  is  said  to  lose  its  magnetism.  In  such 
inquiries  as  these  the  graphical  method  is  almost  invaluable,  and  little 
can  be  expected  without  its  aid. 

In  applying  the  formula  to  this  ciirve,  we  do  not  find  so  good  an 
agreement  as  at  the  lower  temperature.  I  do  not  consider  this^  conclu- 
sive that  the  formula  will  not  agree  with  observation  at  this  tempera- 
ture; for  I  have  noticed  that  the  curves  of  diflferent  specimens  of  iron 
and  nickel  seem  to  vary  within  a  minute  range,  not  only  in  their 
elements  but  also  in  their  form.  This  might  perhaps  be  accounted  for 
by  some  small  want  of  homogeneity,  as  in  the  case  of  burning  in  iron 
and  nickel;  but  at  present  the  fact  remains  without  an  explanation. 
But  the  amount  of  the  deviation  is  in  all  cases  very  small  when  all  the 
precautions  are  taken  to  insure  good  results.  The  nature  of  the  devia- 
tion is  in  this  case  as  follows:  when  the  constants  in  the  formula  are 
chosen  to  agree  with  the  observed  curve  at  the  vertex  and  at  the  two 
ends,  then  the  observed  curve  falls  slightly  below  the  curve  of  the 
formula  at  nearly  all  other  points.  In  a  curve  plotted  about  5  inches 
high  and  broad,  the  greatest  distance  between  the  two  curves  is  only 
about  yV  ^^  ^^  inch,  and  could  be  much  reduced  by  changing  the  con- 
stants. For  the  benefit  of  those  who  wish  to  study  this  deviation,  I 
have  calculated  the  following  values,  which  will  give  the  curve  touching 
the  vertex  and  the  two  ends  of  the  observed  curve  of  Table  III.  They 
are  to  be  used  by  plotting  in  connection  with  that  Table. 


<c. 

3. 

0 

•Hi 

-140 

3802 

12.75 

, 

205 

2838 

18-75 

455 

2269 

22-5 

703 

1835 

25 

12 

06 

K=25  sin 

3 

+  25/C 

at 

+  140 

I  have  not  as  yet  obtained  a  complete  curve  of  iron  at  a  high  temper- 
ature; but  as  far  as  I  have  tried,  it  does  not  seem  to  be  affected  much, 
at  least  for  high  magnetizing-powers.  I  have,  however,  found  that  the 
maximum  of  magnetization  of  iron  decreases  about  2  per  cent  by  a 
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rise  pf  Ifmperature  fnim  15°  C.  to  822°  C,  while  thai,  of  nickel  de- 
cressee  S3-7  per  cent. 

The  experiments  which  I  have  made  with  cobalt  do  not  seem  to  bo 

*ii  eali«faolory  as  those  made  with  nickel  and  iron.     There  are  some 

things  about  Uiem  which  I  cannot  yet  explain;  hut  as  they  are  the  only 

I   cxacl  rxjwriments  yet  made  on  cobalt,  they  must  possess  at  least  a 

transient  value.     The  difficulties  of  getting  a  good  cobalt-curve  are 

I   manifold,  and  are  due  to  the  following  properties— (1)  its  Hniall  permea- 

I   bility,  (2)  its  sensitiveness  to  temperature,  and  (3)  its  property  of  having 

I   Its  permeability  increased  by  rise  of  temperature  at  all  raagnetizing- 

p«>wirt^  within  the  limits  of  experiment.     The  following  are  the  results 

[  with  No.  I:— 

TABLE  IV. 

Cast  Cobalt.  Nokuau,  at  5°  C. 

ExptiinMiDts  m&de  Nnrember  ST,  18TR. 
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11 
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»s-si 
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07 

nv 

WOO 
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(11 7S 

3334 

8-67 

7B 

13 

OTll 

11833 

134-8 

7828 

B7B7 

niT-s 

n-sr. 

81      — 

04 

iis-a 

U9VII 

188-7 

9805 
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1193-1 
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04 
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7a 

on 
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OH 
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IHSRO 

3180-3 

m 
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13380 
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11-01 

18 

■W-7 

Bftsas 

1S4-2 

21130 

1440S 

282T-0 

lO-flO 

no    — 

1" 

IM-I 

4»431 

138-7 

35AT0 

17751 

H5.-)<0 

e<78 

7S     — 

OH 
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48840 

I16-« 

37880 

1H810 

1711 -5 

fi-ao 

34 

14 

US-l 

B6410 

100 .4 

3401HI 

31330 

4400-0 

701 

16 

Via 

T8M-I 

flWOO 

86-6 

898  au 

S95B0 

iO45'0 

6- 81 

18 

WV-S 

71800 

71-8 

47810 

84400 

i7i4-n 

5-B3 
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08 

1471 

flOTTO 

fi4-II 

6B870 
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1480-0 
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31 
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TABLE   V. 

CaBT    COBltLT,     MaOBETIC,    AT    — 5 

Expertmenti  made  NoTcmber  88, 


48  ■47 

1 

T. 

P. 

3. 

- 

8708 

76-37 

8887 

415 

390-8 

a-00 

T8-T4 

7364 

94- M 

3T60 

1484 

B71-1 

T 

44 

lldO 

14370 

137 -fl 

WB88 

4BH3 

11845 

1(1 

06 

167. « 

■J4130 

1440 

14490 

0640 

1907 

8S 

984 '8 

S5860 

136-7 

30430 

73 

&S0-U 

A3U40 

UB-fil 

3B010 

30BB0 

434U 

7 

87 

1473 

80760 

MM 

SSBM 

34840 

6810 

4-38 
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TABLE  VI. 

Cast  Cobalt,  Maonbtic,  at  230^  C. 

Ezperiments  made  February  8,  1874. 


«. 

S. 

M. 

T. 

P. 

3. 

ff. 

'13-34 

1357 

101-8 

1165 

192 

107 

8-02 

26 

67 

2916 

113-6 

2662 

254 

280 

8-96 

88 

55 

4940 

128-2 

4897 

548 

890 

10-12 

55 

56 

9400 

169-1 

7440 

1960 

748.6 

13-38 

75 

16 

16800 

210-2 

10050 

5760 

1143 

16-65 

101- 

-4 

28920 

285-9 

14260 

9660 

1895 

18-70 

182 

7 

81260 

286 -5 

17710 

18550 

2475 

18-66 

172 

9 

38060 

220-2 

21820 

16240 

8015 

17-44 

281 

•8 

62520 

186-4 

81160 

21360 

4174 

14-76 

393 

6 

68480 

161-2 

89070 

24860 

6089 

12-75 

702 

9 

82070 

117-0 

64920 

2716^ 

6615 

9-27 

989 

8 

96600 

96-68 

66750 

28850 

7684 

7-67 

1282 

106200 

82-87 

75820 

80880 

8422 

6-57 

From  Table  IV  we  see  that  at  ordinary  temperatures  cobalt  does  not 
offer  any  exception  to  the  general  law  for  the  other  magnetic  metals — 
that  as  the  magnetization  increases,  the  magnetic  permeability  first 
increases  and  then  decreases.  We  also  see  that  the  results  satisfy  to  a 
considerable  degree  of  accuracy  the  equation  which  I  have  used  for  the 
other  magnetic  metals.  The  departure  from  the  equation  is  of  exactly 
the  nature  that  can  be  accounted  for  in  either  of  two  ways— either  by 
the  heating  of  the  ring  by  the  current  for  the  higher  magnetizing- 
forces,  or  by  some  want  of  homogeneity  in  the  ring.  According  to  the 
first  exphmation,  the  maximum  of  magnetization  at  0°  C.  will  be  some- 
what lower  than  the  curve  indicates;  but  by  the  second  it  must  be 
higher.  I,  however,  incline  to  the  first,  that  it  is  due  to  heating,  for 
two  reasons:  first,  it  is  sufficient;  and  secondly,  the  smaller  cobalt  ring 
gives  about  the  same  maximum  as  this.  Hence  we  may  take  as  the 
provisional  value  of  the  maximum  of  magnetization  of  cobalt  in  round 
numbers  3  =  8000,  or  ^i^  =  100,000. 

We  also  see  from  Table  lY  that,  at  least  in  this  case,  the  permeability 
of  cobalt  is  less  than  that  of  nickel,  though  we  could  without  doubt 
select  specimens  of  cobalt  which  should  have  this  quality  higher  than  a 
given  specimen  of  nickel.  The  formula  at  the  foot  of  the  Table  also 
shows,  by  the  increased  value  of  the  coefficient  of  «  in  the  right-hand 
member,  that  the  diameter  of  the  curve  is  much  less  inclined  to  the 
axis  of  3  in  this  case  than  in  the  case  of  nickel  or  iron.  In  this  re- 
spect the  three  metals  at  present  stand  in  the  following  order — cobalt, 
nickel,  iron.     This  is  the  inverse  order  also  of  their  permeability:  but 
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at  preaent  I  haye  not  found  any  law  connecting  these  two^  and  doubt 
if  airjr  exact  relation  exists^  though  as  a  general  rule  the  value  of  the 
oonttant  is  greater  in  those  curves  where  the  permeability  is  least. 

Is  a  short  abstract  in  the  '  Telegraphic  Journal/  April  1^  1874^  of  a 
memoiF  by  IL  Stefan,  it  is  stated  ''that  the  resistance  of  iron  and 
nidtel  to  magnetization  is  at  first  very  great,  then  decreases  to  a  mini- 
mum valtiey  which  is  reached  when  the  induced  magnetic  moment  is 
beeome  a  third  of  its  maximum/'  This  will  do  for  a  very  rough  approz- 
imation,  but  is  not  accurate,  as  will  be  seen  from  the  following  Table 
of  this  ratio  from  my  own  experiments : — 


Sxperlmento  pnbliihed  in  Angnii,  187a 

IlOB. 

TtiAml 
ndn. 

IrCML 

IMdelU. 

Beetwmer 

etoeL 
TtM»lV. 

Iron. 
Table  V. 

Nlokel. 
Table  VI. 

Steel. 
Table  VII. 

1 

s-os 

1 
2-S4 

1 
2*66 

1 
9-68 

I 
8-15 

* 

1 
2-46 

Ezpeiimento  of  present  paper. 

1 

Nkskel. 
TiOileelaDdlT. 

Nickel. 
Table  Til. 

Cobalt. 
Tablet  IV  and  Y. 

8-23 

1 
814 

1 
4-2 

The  average  of  these  is,  if  we  include  Bessemer  steel  with  the  iron,  as 
it  is  more  iron  than  steel: — 

^^^^'  2^  =  n '     ^^^^^^>  3^  5    Cobalt,  ig  . 

Hence  the  place  of  greatest  permeability  will  vary  with  the  kind  of 
metal.  From  these,  however,  we  can  approximate  to  the  value  of  h  in 
the  formula;  for  we  have 

XT         i.       27,000      r     iwT-  1    1   1      11,000 
for  Iron,  d  =     *'^     ;    for  Nickel,  b  =  —^^—  ; 

for  Cobalt,  b  =  26,000. 

In  Table  V  we  have  the  results  for  cobalt  in  the  magnetic  state. 
We  here  find  the  same  effect  of  magnetization  as  we  have  before  found 
for  iron  and  nickel. 
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In  Table  VI  we  have  results  for  cobalt  at  a  high  temperature,  and 
see  how  greatly  the  permeability  is  increased  by  rise  of  temperature, 
this  being  for  the  vertex  of  the  curve  about  70  per  cent.  But  on  plot- 
ting the  curve  I  was  much  surprised  to  find  an  entire  departure  from 
that  regrilarity  which  I  had  before  found  in  all  curves  taken  from  iron 
and  nickel  when  the  metal  was  homogeneous.  At  present  I  am  not  able 
to  account  for  this,  and  especially  for  the  fact  that  one  of  the  measure- 
ments of  Sis  higher  than  that  which  we  have  taken  for  the  maximum 
of  magnetization,  at,  however,  a  lower  temperature.  The  enrve 
exactly  of  the  same  nature  as  that  which  I  have  before  found  for  a 
piece  of  nickel  which  had  been  rendered  unhomogeneous  by  heating 
red-hot.  and  thus  burning  the  outside.  The  graaller  cobalt  ring  gives 
a  curve  of  the  same  general  shape  as  this,  but  has  the  top  more  rounded. 
I  will  not  attempt  without  fresh  experiments  to  explain  these  facts,  but 
will  simply  offer  the  following  explanations,  some  one  of  which  may  be 
true.  First,  it  may  be  due  to  want  of  homogeneity  in  the  ring;  but  it 
seems  as  if  this  should  have  affected  the  curve  of  Table  IV  n 
Secondly,  it  may  be  at  least  partly  due  to  the  rise  in  temperature  of  the 
ring  at  high  magnetizing-powers ;  and  indeed  we  know  that  this  must 
be  greater  in  paraffin  than  in  alcohol  for  several  reasons:  there  is  abou' 
twice  as  much  heat  generated  in  copper  wire  at  230°  C.  as  at  0°  witt^ 
the  same  current:  and  this  heat  will  not  be  conducted  off  bo  fast  it 
paraffin  as  in  alcohol,  on  account  of  its  circulating  with  less  freedona 
it  probably  has  less  specific  heat  also.  Thirdly,  it  may  be  due  to  souk 
property  of  cobalt,  by  which  its  permeability  and  maximum  of  magneti- 
zation are  increased  by  heat  and  the  curve  changed. 

The  experiments  made  with  the  small  ring  confirm  those  made  with 
the  large  one  as  far  as  they  go;  but  as  it  was  so  small,  they  do  not 
possess  the  weight  due  to  those  with  the  larger  one.  But,  curious  as 
it  may  seem,  although  they  were  turned  from  the  same  button  side  by 
side,  yet  the  permeability  of  the  larger  is  about  45  per  cent  greater  than 
that  of  the  smaller.  I  have  satisfied  myself  that  this  is  due  to  no  error 
in  experiment,  but  illustrates  what  extremely  small  changes  will  affect 
the  permeability  of  any  metal. 

We  have  now  completed  the  discussion  of  the  results  as  far  as  theV 
refer  to  the  magnetic  permeability,  leaving  the  discussion  of  the  tem— 
porarj-  and  permanent  or  residual  magnetism  to  the  future,  allhougl* 
these  latter,  when  discussed,  will  throw  great  light  upon  the  nal 
of  the  coercive  force  in  steel  and  other  metals.  The  whole  sultjerf! 
seems  to  be  a  most  fruitful  one,  and  I  can  hardly  understand  why  H'Mt 
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ht^a  so  much  neglected.  It  may  have  been  that  a  simple  method  of 
experiment  was  not  known:  but  if  so,  1  believe  that  my  method  will  be 
foaotl  both  accurate  and  simple,  though  it  may  be  modified  to  suit  the 
circiuns lances.  Professor  Maxwell  has  suggested  to  me  that  it  would 
be  belter  to  use  rods  of  great  length  than  rings,  because  that  in  a  ring 
we  can  never  determine  its  actual  magnetization,  but  must  always  con- 
lent  ourselves  with  measuring  the  change  on  reversing  or  breaking  the 
current.  This  is  an  important  remark,  because  it  has  been  found  by 
MM.  Marianini  and  Jamin,  and  was  noticed  independently  by  myself 
in  some  onpublished  experiments  of  1670,  that  a  bar  of  steel  which  has 
Uia  for  some  time  magnetized  in  one  direction  will  afterwards  be  more 
eafiflv  msgnetized  in  that  direction  than  in  the  other.  This  fact  could 
not  have  been  discovered  from  a  ring;  and  indeed  if  a  ring  got  a  one- 
sided magnetism  in  any  way  we  might  never  know  it,  and  yet  it  might 
affect  our  results,  as  indeed  we  have  already  seen  in  the  case  of  the 
magnetic  curve.  But  at  the  same  time  I  think  that  greater  eriors 
would  result  from  using  long  bars.  I  have  tried  one  of  iron  3  feet 
long  and  }  inch  diameter;  and  the  effect  of  the  length  was  still  appar- 
ent, allhongh  the  ratio  of  length  to  diameter  was  144.  To  get  exact 
results  it  would  probably  have  to  be  several  times  this  for  the  given 
specimen  of  iron,  and  would  of  course  have  to  be  greater  for  a  piece 
of  iron  having  greater  permenbility.  This  rod  must  be  turned  and 
must  be  homogeneous  throughout — conditions  which  it  would  be  very 
difficult  to  fulfil,  and  which  would  be  impossible  in  the  ease  of  nickel 
and  cobalt.  We  might  indeed  use  ellipsoids  of  very  elongated  form; 
and  this  would  probably  be  the  best  of  all,  as  the  mathematical  theory 
of  this  case  is  complete,  and  it  is  one  of  the  few  where  the  magnetization 
is  uniform,  and  which  consequently  will  still  hold,  although  the  permea- 
bili^  may  vary  with  the  amount  of  magnetization.  This  form  will,  of 
course,  satisfy  Professor  Maxwell's  objection. 

The  method  of  the  ring  introduces  a  small  error  which  has  never 
TBt  been  considered,  and  which  will  affect  Dr.  Stoletow's  results  as  well 
an  mine.  The  number  of  lines  of  induction  passing  across  the  circular 
eection  of  a  ring-magnet  we  have  seen  to  be 


=  4«' 


J-s        a—x 


in  which  a  is  the  mean  radius  of  the  ring,  R  the  radios  of  the  section, 
«'  the  nnmber  of  coils  in  the  helix,  and  t  the  intensity  of  the  current. 
yow  in  integrating  this  before,  I  assumed  that  /^  was  a  constant 
throughout  the  section  of  the  ring:   now  we  have  found  that   ii  is  a 


3 


72  HSNBY   A.   EaWLAND 

function  of  the  magnetization,  and  hence  a  function  of  the  magnetizing- 
force;  but  the  latter  varies  in  different  parts  of  the  section,  and  hence 
IX  must  vary.  But  the  correction  will  be  small,  because  the  average 
value  will  be  nearly  the  same  as  if  it  were  a  constant.  We  may  estimate 
the  correction  in  the  following  manner.  Let  fi  and  $  be  the  values  of 
those  quantities  at  any  point  in  the  section  of  the  ring,  //  and  ^'  the 
values  at  the  centre  of  the  section,  and  /i^  and  ^^  the  observed  values. 
Then,  by  Taylor's  theorem, 

/'=/''  +  ^($  -  $')+  4-  ^i  (§  -  $')'  +  A^'- 
But  Sq  =  ^^  and  ^'  =z^,  and  so  we  have 

But  in  my  Tables  I  have  already  calculated 

./?$'  (i  +  ^  ^  +  &c.) 
and  as  /i^  is  very  nearly  equal  to  //,  and  $^to  $'>  we  have  approximately 

which  will  give  the  value  of  //  corresponding  to  Q'  and  $'.  Hence  the 
correct  values  of  the  quantities  will  be  //,  ip',  and  93'= §V. 

The  quantities   -^  and  .^r  can  be  obtained  either  by  measuring  a 
plot  of  the  curve,  or  from  the  empirical  equation 

when  we  know  the  values  of  the  constants.     In  this  case 

d'n,  _  Oil,  (2B'  -  3/i?)  T  I'-ii^i  +i)'J'iP-  !?, 
5§?-  0'  ' 

in  which 

C  =  57-3Z)  q:  (^  +  d)  V  E^^i^. 
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In  all  these  the  upper  signs  are  to  be  taken  for  all  values  of  ^,  lees  than 
~g^  ~",  and  the  lower  signs  for  greater  values. 
On  appljing  these  formula'  to  the  observations,  1  have  found  that  the 
torrections  will  in  no  way  influence  my  conclusions,  being  always  very 
tmall;  but  at  the  same  time  the  calculation  shows  that  it  would  be  well 
to  diminish  the  ratio  ~  as  much  as  possible.  In  all  my  rings  this  ratio 
did  not  depart  very  much  from  ^7^ ;  but  I  would  advise  future  e-xpcri- 
to  take  it  at  least  as  small  as   .-^ :  the  amount  of  correction 


io" 


R 


will  be  very  nearly  proportional  to  the  square  of   — 

Summary. 
The  following  laws  have  been  established  entirely  by  my  own  experi- 
inente,  though  in  that  part  of  (2)  which  refers  to  iron  I  have  been 
anticipated  in  the  publication  by  Dr.  Stoletow  {Phil.  Mag.  Jan.  1873). 
When  any  measurements  are  given,  they  are  on  the  metre,  gramme, 
second  system. 

(1)  Iron,  nickel,  and  cobalt,  in  their  magnetic  properties  at  ordinary 
temperatures,  differ  from  each  other  only  in  the  quantity  of  those 
properties  and  not  in  the  quality. 

(2)  As  the  magnet izing-force  is  increased  from  0  upwards,  the  resist- 
•oce  of  iron,  nickel,  and  cobalt  to  magnetization  decreases  until  a 
ninimnm  is  reached,  and  after  that  increases  indefinitely.  This  miui- 
num  is  reached  when  the  metal  ha?  attained  a  magnetization  of  from 
24  to  '38  of  the  maximum  of  magnetization  of  the  given  metal. 

(3)  The  curve  showing  the  relation  between  the  magnetization  and 
the  magnetic  permeability,  or  Neumann'a  coefficient,  is  of  such  a  form 
that  a  diameter  can  be  drawn  bisecting  chords  parallel  to  the  axis  of  ^. 
And  is  of  very  nearly  the  form  given  by  the  equation 


u  =  Bsia 


D 


vhers  B,  h,  and  D  are  constants,  /i  \a  the  ratio  of  the  magnetization  to 
the  magnet iziug-force  in  an  infinitely  long  bar,  and  $  is  the  amount 
of  magnetization. 

(4)  If  a  metal  is  permanently  magnetized,  its  resistance  to  change  of 
magntttism  is  greater  for  low  magnetizing-powers  than  when  it  is  in  the 
normal   state,  hut  is  the  same  for  high  magnetizing-powers,      Thi- 
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applies  to  the  permanenf  state  finally  attained  after  several  r 
magnelizing-force;  but  if  we  strongly  magnetize  a  bar  in  one  direction 
and  then  afterwards  applj  a  weak  magnetizing-force  in  the  opposite 
direction,  the  change  of  magnetization  will  be  very  great. 

(5)  The  resistances  of  nickel  and  cobalt  to  magnetization  vary  with 
the  temperature;  but  whether  it  Ib  increased  or  not  in  nickel  depends 
upon  the  amount  of  magnetization :  for  a  moderate  amount  of  magneti- 
zation it  decreases  with  rise  of  temperature  very  rapidly;  but  if  the 
magnetization  is  high  the  resistance  is  increased.  In  cobalt  il  appar- 
ently always  decreased)  whatever  the  magnetization.  The  resistance 
of  iron  to  magnetization  is  not  much  affected  by  the  temperature. 

(6)  The  resistance  of  any  specimen  of  metal  to  magnetization  de- 
pends on  the  kind  of  metal,  on  the  quality  of  the  metal,  on  the  amount 
of  permanent  magnetization,  on  tlie  temperature,  and  on  the  totat 
amount  of  magnetization,  and,  in  at  least  iron  and  nickel,  decreasai 
very  much  on  careful  annealing.  The  maximum  of  magnetizatioi) 
depends  on  the  kind  of  metal  and  on  the  temperature. 

(7)  Iron,  nickel,  and  cobalt  all  probably  have  a  maximum  of  magneti- 
zation, though  its  existence  can  never  be  entirely  established  by  eiperi 
ment,  and  must  always  he  a  matter  of  inference;  but  if  one  exists,  ■ 
values  must  be  nearly  as  follows  at  ordinary  temperatures.  Iron  whei 
©  =  175.000  or  when  3  =  13.900;  nickel  when  S  =63,000  or  whes 
3  =  4940 ;  cobalt  when  »  =  100,000(  ?)  or  when  3  =  8000  ( ?). 

(8)  The  maximum  of  magnetization  of  iron  and  nickel  decreases  will 
rise  of  temperature,  at  least  between  10°  C.  and  280°  C,  the  first  vei; 
slowly  and  the  second  very  rapidly.     At  220°  C.  the  maximujn 
is  when  ?)  =  172,000  and  3  =  13,600,  and  for  nickel  when  ©  =  49.00 
and  3  =  3800. 

The  laws  which  govern  temporary  and  residual  magnetism,  except  I 
far  as  they  have  been  hitherto  given,  I  leave  for  the  future,  when 
shall  have  time  for  further  experiment  on  the  subject  to  develop  son 
points  which  are  not  yet  quite  clear. 

Trou.  JV™  York.  U.  S.  A.,  April,  137i. 


ON  ANEW  DIAMAGNETIC  ATTACHMENT  TO  THE  LANTEBN, 
WITH  A  NOTE  ON  THE  THEOBY  OF  THE  OSCILLATIONS 
OF  INDUCTIVELY  MAGNETIZED  BODIES 

IJmmriemi  Jimmal  of  Science  [8],  IX,  857-861,  1875] 

1.  Dbsobiftion  of  Appabatus 

Same  time  ago^  in  thinking  of  the  theory  of  diamagnetism^  I  came 
to  the  condiision  that  apparatus  of  large  size  was  by  no  means  neces- 
^  in  diiui>.gnetic  expe^ents,  and  oftesting  my  Ljectores  experi- 
memtally^  I  was  much  pleased  to  find  that  they  were  true.  So  that  for 
more  than  a  year  I  have  been  in  the  habit  of  illustrating  this  subject 
to  my  classes  by  means  of  a  small  apparatus  weighing  only  about  a 
poimd  or  two,  which  I  place  in  my  lantern  and  magnify  to  a  large  size 
on  the  screen. 

Hie  eflfects  obtained  in  this  way  are  very  fine  and  are  not  surpassed 
by  those  with  the  largest  magnets;  and  we  are  by  no  means  confined 
to  strongly  diamagnetic  substances,  but,  with  proper  care,  can  use  any- 
thing, even  the  most  feeble.  The  apparatus  which  I  used  consisted  of 
a  horseshoe  electro-magnet,  made  of  an  iron  bar  half  an  inch  in  diam- 
eter and  about  ten  inches  long,  bent  into  the  proper  form,  and  sur- 
rounded with  four  or  five  layers  of  No.  IG  wire.  But  the  following 
apparatus  will,  without  doubt,  be  found  much  more  convenient.  It  can 
be  made  of  any  size,  though  the  dimensions  given  will  probably  be 
found  convenient. 


FlOURB   1. 

The  apparatus  is  represented  in  Pig.  1.  To  a  straight  bar  of  iron  A, 
7  in.  long,  J  in.  thick,  and  f  in.  wide,  are  attached  two  pieces  e  e  oi 
the  same  kind  of  iron  by  two  set  screws  g  g,  which  move  in  slots  in  the 


(^ 


6  Hekby  a.  Rowland 


piece  h.  Into  these  pieces  are  screwed  two  tubes  c  made  of  iron  and 
having  an  internal  diameter  of  about  ^  in.  and  a  thickness  not  to 
exceed  ^^  in.  Through  these  tubes  the  iron  rods  a  h  slide  and  are 
held  at  any  point  by  the  'screws  d.  One  end  b  of  this  rod  is  rounded 
off  for  diamagnetic  experiments  and  the  other  enlarged  and  flattened 
at  the  end  for  magnecrystallic  experiments.  On  the  tube  c  a  helix  of 
No.  16  or  No.  18  wire  is  wound  so  as  to  make  up  a  thickness  of  -4  or  -5 
of  an  inch  and  having  a  length  of  2J  in.  The  object  of  the  screws  g  is 
principally  to  allow  the  rods  a  6  to  be  reversed  quickly  and  to  adjust  the 
position  of  the  helices.  When  the  apparatus  is  to  be  used  for  only  one 
kind  of  work  it  can  be  much  simplified  by  doing  away  with  many  of  the 
moving  parts. 

This  instrument  can  be  used  either  with  the  ordinary  magic  lantern^ 
or  better^  with  one  having  a  vertical  attachment.  In  the  latter  case 
the  plane  of  the  instrument  is  horizontal  and  the  substances  are  sus- 
pended from  a  wire  made  quite  small,  so  as  not  to  cut  off  too  much 
light. 

The  suspending  thread  in  the  case  of  bismuth  can  be  quite  large 
but  for  other  bodies  a  single  fibre  of  silk  is  best;  these  in  the  shape  of 
bars  half  an  inch  long  can  be  each  attached  to  a  fibre  having  a  little 
wire  hook  at  its  upper  end  and  hung  in  a  cabinet  until  required. 

The  theory  of  feebly  magnetic  or  diamagnetic  bodies  oscillating  in 
a  magnetic  field  is  very  simple  and  yet  the  results  are  of  the  greatest 
interest,  especially  the  effect  of  the  size  of  the  apparatus,  which  is 
here  given  for  the  first  time. 

2.  Theory 

Let  a  very  small  particle  of  a  body  whose  coefficient  of  magnetization 
K  is  very  small,  and  either  positive  or  negative,  be  placed  in  a  magnetic 
field  of  intensity  R;  it  will  then  have  an  induced  magnetic  moment  of 
kvR,  where  v  is  the  volume  of  the  element.  The  force  acting  on  this 
particle  to  cause  it  to  go  in  any  given  direction  will  be  equal  to  the 
product  of  the  magnetic  moment  into  the  rate  of  variation  of  R  in  that 

direction,*  and  hence  is  kvR  -^    in  the  direction  of  x.     The  total  force 

ax 

acting  on  the  body  in  the  direction  of  x  is  therefore 

'  Thomson,  Reprint  of  Papers,  art.  679,  Prob.  vii. 
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and  the  other  components  of  the  force  are 


and 


'=\fff'^'^''- 


Let,  now,  the  axis  of  z  be  vertical,  the  axis  of  a;  in  the  line  of  the 
magnetic  poles  of  the  magnet,  and  y  at  right  angles  to  both.  Then 
the  moment  of  the  forces  acting  on  the  body  to  turn  it  about  the  axis 

where  the  integration  extends  throughout  the  volume  of  the  body. 

If  the  body  is  suspended  so  as  to  turn  freely  about  the  axis  of  z  it 
will  yibrate  about  the  position  for  which  3f  is  a  minimum  or  else  will 
remain  at  rest  at  that  point.  The  number  of  single  oscillations  made 
when  the  angular  elongation  i^  is  very  small,  is 


in  which  M  and  ■&  must  be  measured  simultaneously,  and  I  is  the 
moment  of  inertia  of  the  body. 


^ow  let  us  suppose  that  the  whole  apparatus  changes  size,  the  relation 
t^^tween  the  parts  remaining  constant,  so  that  the  apparatus  becomes 
"» times  as  great  as  before.     Then  x,  y,  dx,  dy,  and  dz  will  increase  m 

^es  and  /,  m^  times.     To  determine  the  changes  in  -^  -    and  --J^^ 

^€  make  use  of  the  theorem  of  Sir  Wm.  Thomson,  that  "  similar  bars 

of  different  dimensions,  similarly  rolled,  with  lengths  of  wire  propor- 

^onal  to  the  squares  of  their  linear  dimensions,  and  carrying  equal 

^^QiTents,  cause  equal  forces  at  points  similarly  situated  with  reference 

fc  them/'     But  as  the  above  only  applies  to  equal  currents,  I  have 

I  ^neralized  it  in  the  following:     Iti  any  two  magnetic  systems  whatever, 

Hmihr  in  all  their  parts  and  composed  of  any  number  of  permanent  or 

fkctro-magnets,  wires  carrying  currents,  or  bodies  under  magnetic  indue- 

tiorij  the  magnetic  force  at  similar  points  of  each  will  be  tlie  same  when  the 

^oUoving  conditions  are  complied  with:    1st,  the  magnMic  materials  at 

imiJ'ir  p  >ints  in  the  two  systems  must  be  exactly  the  some  in  quality  and 
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temper;  2dy  the  permanent  magnets  must  he  m>agnetized  to  tlie  same  degree 
at  similar  points  of  the  systems;  3d,  the  coils  of  the  electro-magnets  and 
other  wires  or  bundles  of  wires  carrying  the  current  must  have  similar 
external  dimensions  in  the  two  systems  and  must  have  the  product  of  the 
current  by  the  number  of  wires  passing  through  similar  sections  of  the  two 
systems  proportional  to  the  linear  dimensions  of  the  systems. 

This  will  apply  to  the  case  we  are  considering  when  the  product  of 
the  current  by  the  number  of  the  turns  of  wire  varies  in  direct  propor- 
tion to  the  size  of  the  apparatus.     Hence  in  this  case     ^^ —    and  ^^ — ^ 

will  vary  inversely  as  m.  Hence  we  see  that  n  will  be  inversely  pro- 
portional to  the  size  of  the  apparatiLs;  and  although  we  have  only 
proved  this  for  the  case  when  k  is  small,  it  is  easy  to  see  that  it  is 
perfectly  general.  The  advantage  of  small  diamagnetic  apparatus  is 
thus  apparent,  for  the  smaller  we  make  it  the  more  vibrations  the  bar 
will  make  in  a  given  time  and  the  more  promptly  will  the  results  be 
shown. 

It  might  be  thought  that  by  hanging  a  very  small  bar  in  the  field  of 
a  large  magnet,  we  might  obtain  just  as  many  vibrations  as  by  the  use 
of  a  small  apparatus;  but  this  is  not  so,  for  Sir  Wm.  Thomson  has 
shown  *  that  the  number  of  oscillations  of  a  feebly  magnetic  or  diamag- 
netic body  of  elongated  form  in  a  magnetic  field  is  nearly  independent 
of  the  length  when  that  is  short.  So  that  the  only  way  of  increasing 
the  number  of  vibrations  is  to  decrease  the  size  of  the  whole  apparatus, 
or  to  increase  the  power  of  the  magnets:  the  latter  has  a  limit  and 
hence  we  become  dependent  on  the  former. 

The  theory  of  the  effect  of  the  size  of  the  body  is  very  simple,  and  we 
may  proceed  as  follows.  Let  the  body  be  in  the  form  of  a  small  bar 
whose  sectional  area,  a,  is  very  small  compared  with  its  length,  and  let 
y  be  the  angle  of  the  axis  of  the  bar  with  the  line  joining  the  poles,  and 
?•  the  radius  vector  from  the  origin.  Developing  7?^  as  a  function  of 
.r  and  y  by  Taylor's  theorem,  and  noting  that  as  R  is  symmetrical  with 
reference  to  the  planes  XZ  and  YZ,  only  the  even  powers  of  x  and  y 
can  enter  into  the  development,  we  have,  calling  7?o  the  value  of  R 
at  the  origin. 

-  Reprint  of  Papers,  art.  670.       Remarques  sur  les  oscillations  d'aiguilles  non  crys- 
tallisees. 
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When  the  vibrating  body  is  very  small  the  first  two  terms  will  suffice : 
hence  we  have 

in  which  I  is  the  length  of  the  bar.     If  8  is  the  density  of  the  body 
(weight  of  a  unit  of  volume),  /  =  ^    and  n  becomes 


in  which,  however,  it  is  to  be  noted  that    -~r-l'   is  essentially  negative 

»nd  so  the  sign  of  the  term  containing  it  will  be  positive  in  the  actual 
ieyelopment. 

This  equation  is  independent  of  the  dimensions  of  the  body,  and 

kence  we  conclude  that  when  the  body  is  small  and  very  long  as  com- 

I*red  with  its  other  dimensions,  the  number  of  vibrations  which  it  will 

maie  in  a  given  field  is  dependent  merely  on  its  coeflBcient  of  raagneti- 

^ion  and  on  its  density;  a  result  first  given  by  Sir  Wm.  Thomson,  in 

fte  paper  referred  to.     I  have  given  it  once  more  and  put  it  in  its 

'   Resent  form  merely  to  call  attention  to  the  facility  with  which  «c  can 

^  obtained  from  it  when  we  have  measured  R  in  different  parts  of  the 

**«M  by  known  methods.    This  could  be  done  by  means  of  a  rotating 

^  as  used  by  Verdet,  or  by  my  magnetic  proof  plane  which  I  will 

^<>on  describe,  combined  with  my  method  of  using  the  earth  inductor. 

-^  will  give  the  best  method  that  I  know  of  for  obtaining  k  for 

^iMnagnetic  or  weak  paramagnetic  substances. 

Troff,  January  15,  1875. 
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III  two  papers  which  have  recently  appeared  on  this  subject,  by  Mr, 
Scare  (Amer.  Jour,  of  Science,  July,  1874),  and  Mr.  Jacques  (Proc. 
Amer.  Acad,  of  Sciences.  1875,  p.  445),  a  method  is  used  for  determining 
magnetic  distribution,  founded  on  induced  currents,  in  which  result* 
contrary  to  those  published  by  M.  Jamin  have  been  found.  Ii  does  not 
seem  to  have  been  noticed  that  the  method  then  used  does  not  gi« 
what  we  ordinarily  mean  by  magnetic  distribution.  In  matheuiaticil 
language,  they  have  measured  the  surface  integral  of  magnetic  indnc> 
tion  across  the  section  of  the  bar  instead  of  along  a  given  length  of  iU 
surface.^  M.  Jamin's  method  gives  a  result  depending  on  the  so-eallBd 
surface  density  of  tlie  magnetism,  which  is  nearly  proportional  t 
surface  integral  of  the  magnetic  induction  along  a  given  length  of  the 
bar.  Hence  the  discrepancy  between  the  different  results.  Had  th( 
ejiperiments  of  Mr.  Searw  and  Mr,  Jacques  been  made  by  sliding  t 
helix  inch  by  inch  along  the  bars,  their  results  would  have  confirm 
those  of  M.  Jamin.  Four  or  five  years  ago,  I  made  a  large  number  ( 
experiments  in  this  way,  which  I  am  now  rewriting  for  publication,  an 
where  the  whole  matter  will  be  made  clear.  At  present,  I  will  give  tl 
following  method  of  converting  one  into  the  other.  Let  Q  be  the  s' 
face  integral  of  magnetic  induction  across  the  section  of  the  rod,  a 
let  Qe  be  that  along  one  inch  of  the  rod:  then  Qe  ot— ,i  being  t 

distance  along  the  rod.     Hence,  M.  Jamin's  results  depend  on  the 
of  variation  of  the  magnetization  of  the  rod,  while  those  of  Mr. 
and  Mr.  Jacques  depend  on  the  magnetization.     In  conclusion,  let 
heartily  agree  with  Mr.  Jacques's  remarks  about  M.  Jamin's  conclusii 
from  his  experiments.     Such  experiments  as  those  give  no  data  whi 
ever  for  a  physical  theory  of  magnetism,  and  can  all  be  deduced  fro 
the  ordinary  mathematical  theory,  which  is  independent  of  phy 

■  Maxwell's  Electricity  nod  Magnotlsra,  nrt.  40a. 
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kjpofliem,  oomlnned  with  what  i8  known  with  regard  to  the  znagnetiz- 
iBf  fnnctian  of  iron.  This  will  be  shown  in  the  paper  I  am  rewriting. 
It  secsDui  to  me  that  M.  Jamin's  method  is  very  defective;  and  I  know 
of  no  method  of  esqperimenting,  which  is  theoretically  without  objection 
except  fhat  of  induced  currents,  and  this  I  have  used  in  all  my  experi- 
menta  on  magnetic  distribution  for  the  last  four  or  fire  years,  and  hare 
de?elq>ed  into  a  system  capable  of  giving  resxdts  in  absolute  measure. 
Mr.  Jacques  ia  to  be  congratulated  on  pointing  out  these  errors  in 
IL  Jamin's  condusions. 

3V^,  Jkm  7, 187S. 


NOTE  ON  KOHLRAUSCH'S  DETERMINATION  OF  THE  ABSO- 
LUTE  VALUE  OF  THE  SIEMENS  MERCURY  UNIT  OF 
ELECTRICAL  RESISTANCE 

[Philosophical  Magazine  [4],  L,  161-168,  1875] 

In  looking  over  Kohlrausch's  paper*  upon  the  determination  of  a 
resistance  in  absolute  measure,  with  a  view  to  undertaking  something 
of  the  kind  myself,  and  also,  if  possible,  to  discover  the  reason  of  the 
difference  from  the  results  of  the  Committee  of  the  British  Association, 
I  think  I  have  come  across  an  error  of  sufficient  magnitude  and  in  the 
proper  direction  to  account  for  the  2  per  cent  difference.  Kohlrausch's 
experiments  were  made  with  such  great  care  and  by  so  experienced  a 
person  that  it  is  only  after  due  thought  and  careful  consideration  that 
I  take  it  upon  me  to  offer  a  few  critical  remarks. 

We  observe,  then,  first  of  all,  that  the  principal  peculiarity  of  his 
method  consists  in  doing  away  with  all  measurements  of  the  coils  of 
the  galvanometer,  and  in  its  place  making  accurate  determinations  of 
the  logarithmic  decrement  both  with  the  circuit  closed  and  open,  to- 
gether with  various  absolute  determinations  rendered  necessary  by  this 
change.  In  this  way  the  logarithmic  decrement  is  raised  from  being  a 
small  correction  to  a  most  important  factor  in  the  equation.  Hence 
it  is  that  we  should  carefully  scrutinize  the  theory  and  see  whether  it 
be  correct  enough  for  this  purpose ;  for  only  an  approximation  is  needed 
for  the  first  method. 

The  resistances  to  a  bar  magnet  swinging  within  a  coil  may  be  divided 
into  two  principal  parts — first,  that  due  to  the  resistance  of  air  and 
viscosity  of  suspending  fibre,  and,  second,  that  due  to  the  induced  cur- 
rent in  the  coils.  The  first  resistance  is  usually  taken  as  proportional 
to  the  velocity,  and  thus  assumes  the  viscosity  of  the  air  to  be  the  most 
important  element.  This  is  probably  true  in  most  cases  where  the 
motion  is  slow.  This  factor  is  quite  small  compared  with  the  second 
when  the  magnet  is  large  and  heavy  and  the  coils  wound  close  to  it,  as 

*  Poggendorll's  Annalen^  Erganzungsband  vl,  p.  1;  translated  in  Phil.   Mag.,  S.  4, 
vol.  xlvii,  pp.  294,  342. 
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in  Kohlrausch's  instrument.     Kohlrausch's  principal  error  lies  in  the 
omission  of  the  coeflScient  of  self-induction  from  his  equations. 

For  the  sake  of  clearness,  and  because  the  subject  is  quite  often 
misapprehended,  I  shall  commence  at  the  beginning  and  deduce  nearly 
all  equations. 

Let  us  proceed  at  first  in  the  method  of  Helmholtz,  using  the  nota- 
tion of  Maxwell's  '  Electricity.' 

Let  a  current  of  strength  I  be  passing  in  a  circuit  whose  resistance 
is  /?,  and  coeflBcient  of  self-induction  L,  Also  let  a  magnet  be  near  the 
circuit  whose  potential  energy  with  respect  to  the  circuit  is  IV,  Let  A 
be  the  electromotive  force  of  the  battery  in  the  circuit. 

The  work  done  by  the  battery  in  the  time  dt  is  equal  to  the  sum  of 
the  work  done  in  heating  the  wire,  in  moving  the  magnet,  and  in 
inarming  the  mutual  potential  of  the  circuit  on  itself,^    Hence  we  have 

Aldt  =  PRdt  +  l^dt  +  \-  L  ^-^Ji^dt', 

dt  2  dt 

wd  if  A  is  equal  to  zero,  we  find 

/-_  1  (dV       rdl\ 

If  we  apply  this  to  the  case  of  a  magnet  swinging  within  a  coil  the 

ttgle  of  the  magnet  from  a  fixed  position  being  x,  we  have  since   ~j 

is  the  moment  of  the  force  acting  on  the  magnet  with  unit  current  and 
^J  be  denoted  by  q, 

r  1    f  ^  dx     ,     r  dl\  ,,^ 

where  my  R  is  Kohlrausch's  w. 

This  expression  differs  from  that  used  by  Kohlrausch  in  the  addition 
of  the  last  term,  which  is  the  correction  due  to  self-induction.  The 
iMt  tenn  vanishes  whenever  the  magnet  moves  with  such  velocity  as 
to  keep  the  induced  current  constant ;  but  in  the  swinging  of  a  galvano- 
meter-needle it  has  a  value. 

To  fonn  the  equation  of  motion  of  the  needle,  we  can  proceed  the 
ittt  of  the  way  as  Maxwell  has  done  (Electricity,  art.  7G2).  Assuming 
tktt  all  frictional  resistances  to  the  needle  are  proportional  to  the 
Telocity  of  the  needle,  we  have 

^5  +  ^^  +  ^^=^^' ^^) 

where  B,  C,  and  D  are  constants. 

'See  remarks  in  MaxwcU^s  *  Electricity/  art.  544,  near  bottom  of  page. 
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Eliminating  /  between  this  equation  and  (1),  we  find 

At  first  sight  this  equation  will  appear  to  be  the  same  as  that  of  Max- 
well; but  on  further  examination  we  see  that  it  is  more  general  in  the 
value  of  q. 

Equation  (3)  is  the  correct  equation  to  use  in  this  case,  and  reduces 
to  that  of  Kohlrausch  when  L  =  0. 

To  see  how  this  erroi*  will  affect  Kohlrausch's  results,  we  must  re- 
member that  he  uses  this  equation  to  find  the  constant  of  his  galvano- 
meter, on  which  his  whole  experiment  depends;  and  the  error  is  so 
interwoven  with  all  his  results  that  an  entire  recomputation  is  neces- 
sary, provided  the  data  for  calculating  the  coefiicient  of  self-induction 
of  the  galvanometer  coils  and  earth  inductor  can  be  obtained. 

The  equation 

t^    _    a 

;r«4-X*        ::«  +  /; 

does  not  hold  when  self-induction  is  considered ;  and  so  his  fundamental 
equation  (1)  is  not  correct,  containing  a  twofold  error. 

The  linear  differential  equation  (3)  is  easily  solved;  but  as  the  results 
are  complicated,  it  is  hardly  worth  while  at  present,  until  a  recalcula- 
tion can  be  made.  I  prefer  to  solve  it  on  the  supposition  that  L  is 
small,  and  thus  merely  obtain  a  correction  to  Kohlrausch's  equation 
connecting  t  and  t^y  after  which  equation  (15)  or  (17)  (Maxwell's  ^  Elec- 
tricity,' art.  762)  can  be  used  when  made  more  general  by  substituting 
q  for  Om. 

As  far  as  I  have  had  time  to  go  at  present,  the  correction  seems  to 
be  in  the  direction  of  making  Kohlrausch's  determination  more  nearly 
coincide  with  that  of  the  Committee  on  Electrical  Standards  of  the 
British  Association.  Other  engagements  occupy  my  attention  at  pres- 
ent; but  I  hope  to  see  these  corrections  made  to  an  otherwise  excellent 
determination  of  this  most  important  unit. 

Londofi^  AiujvKt  4,  1875. 
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PRELIMINARY  NOTE  ON  A  MAGNETIC  PROOF  PLANE 

[AfMriean  Journal  of  Seietiee  [8],  X,  14-17,  1875] 

About  four  years  ago  I  made  a  large  number  of  experiments  on  the 
distribution  of  magnetism  on  iron  and  steel  bars  by  means  of  a  coil  of 
wire  sliding  along  the  bar;  the  induced  current  in  the  coil  as  measured 
by  a  galvanometer  was  a  measure  of  the  number  of  lines  of  force  cut  by 
the  coil  and  can  be  found  in  absolute  measure  by  my  method  of  using 
tke  earth  inductor.  These  researches  have  never  yet  been  published 
owing  to  circumstances  beyond  my  control,  but  are  known  to  quite  a 
number  of  persons  in  this  country,  and  will  soon  be  published.  The 
method  there  used  is  the  only  correct  one  that  I  know  of  for  experi- 
menting on  magnetic  distribution,  and  my  purpose  in  this  note  is  to 
^nd  it  to  bodies  of  all  shapes,  so  that  experiments  on  magnetic  dis- 
tribution may  become  as  simple  and  easy  to  perform  as  those  on  elec- 
trical distribution.  And  so  well  has  my  magnetic  proof  plane  accom- 
plished this  that  I  can  illustrate  the  subject  to  my  classes  with  the 
greatest  ease. 

The  apparatus  required  is  merely  a  small  coil  of  wire  i  to  ^  inch  in 
diameter,  containing  from  10  to  50  turns,  and  a  Thomson  galvanometer. 
'Tien  we  require  to  reduce  to  absolute  measure,  another  coil  about  a 
foot  in  diameter  and  containing  20  or  30  turns  is  required.     Having 
attached  the  small  coil  (or,  as  I  call  it,  the  magnetic  proof  plane)  to 
the  galvanometer,  we  have  merely  to  lay  it  on  the  required  spot,  and 
when  everything  is  ready,  to  pull  it  away  suddenly  and  carry  it  to  a 
fctance,  and  the  momentary  deflection  of  the  galvanometer  needle  will 
he  proportional  to  that  component  of  the  lines  of  force  at  that  point 
which  is  perpendicular  to  the  plane  of  the  coil.     And  if  we  apply  it  to 
the  surface  of  a  permanent  magnet  the  so-called  surface  density  of  the 
mapetism  at  that  point  will  be  nearly  proportional  to  the  deflection. 
h  the  case  of  an  electro-magnet  the  surface  density  will  be  nearly  pro- 
portional to  the  deflection  minus  the  deflection  which  would  be  pro- 
dncn]  by  the  helLx  alone,  though  the  last  is  generally  small  and  may  bo 
neglected.     I  use  the  words  nearly  proportional  in  the  above  statement 
because  thev  are  only  exactly  true  in  the  cases  where  the  lines  of  force 
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proceed  from  the  surface  in  a  perpendicular  direction;  otherwise  the 
deflections  must  be  multiplied  by  the  secant  of  the  angle  made  by  the 
lines  of  force  with  the  surface  of  the  magnet.  In  the  case  of  an  electro- 
magnet made  of  very  soft  iron,  theory  shows  that  the  lines  pass  out 
nearly  perpendicular  to  the  surface  and  so  no  correction  is  needed. 

We  can  also,  by  a  coil  of  this  kind,  determine  the  intensity  of  the 
magnetic  field  at  any  point  and  thus  be  able  to  make  a  complete  map 
of  it.  Having  done  this,  we  have  all  the  data  necessary  to  substitute 
in  the  formula  which  I  have  given  in  this  Journal,*  and  by  a  simple 
experiment  can  thus  determine  the  coefficient  of  magnetization  of  any 
diamagnetic  or  weak  paramagnetic  body  probably  in  a  more  accurate 
manner  than  any  Weber  used.  Only  the  largest-sized  magnets  could  of 
course  be  used  for  this  purpose  with  any  accuracy,  and  indeed  they  are 
always  to  be  preferred  in  obtaining  the  distribution  by  this  method. 

Having  obtained  the  distribution  for  any  given  magnet,  the  distribu- 
tion for  any  similar  magnet  of  the  same  material  but  of  different  size 
becomes  known  by  a  well-known  law  of  Sir  William  Thomson. 

As,  in  the  present  state  of  our  knowledge,  magnetic  measurements 
are  of  small  value  unless  made  on  the  absolute  scale,  we  require  to 
reduce  our  results  to  this  system.  There  are  several  methods  of  doing 
this,  but  the  simplest  is  that  which  I  have  used  in  my  experiments  on 
magnetic  permeability,  and  consists  in  including  an  earth  inductor  in 
the  circuit.  A  coil  laid  on  a  perfectly  level  surface  is  sufficient  for 
this :  when  this  is  turned  over,  the  induced  current  will  be  equal  to  C  == 

-^^        where  n  is  the  number  of  turns  in  the  coil,  A  its  mean  area,  V 

the  vertical  component  of  the  earth's  magnetism,  and  R  the  resistance 
of  the  circuit.     When  the  small  coil  is  pulled  suddenly  away  the  current 

will  1)0  6"  =  --^-^,  and  so  we  have  Q  =  2V^^^'    in  which  when  a 

/l  (171  C 

Thomson  galvanometer  is  used  C"  and  C  can  be  replaced  bv  the  cor- 
responding deflections;  hence  Q  =  2V—^^,  in  which  a  and  n'  are  the 

area  and  number  of  turns  in  the  small  coil  and  Q  is  that  component  of 
the  magnetic  field  we  are  measuring  in  the  direction  of  the  axis  of  the 
small  coil. 

As  an  illustration  of  this  method  I  will  give  a  few  experiments  made 
with  the  magnets  of  a  Ruhmkorfl^  diamagnetic  apparatus,  which  was 
altogether  about  2  ft.  long  and  had  its  magnets  2  in.  in  diameter,  with 

'On  a  new  diamagnetic  attacbment  to  the  lantern,  &c.,  this  Journal,  May,  1875. 
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a  hole  I  in.  in  diameter  through  them  for  experiments  on  the  rotation 
of  the  plane  of  polarization  of  lights  but  which  in  these  experiments 
were  closed  by  the  solid  poles  which  were  screwed  on.     The  first  experi- 
ments were  with  two  discs  of  iron,  4*6  in.  in  diameter  and  IJ  in.  thick, 
screwed  on  to  the  poles.     In  the  first  place  the  poles  were  turned  away 
from  one  another,  the  current  being  sent  through  only  one  magnet, 
and  the  values  of  the  magnetic  field  obtained  at  different  points  close  to 
ihe  surface  of  the  disc.     These  may  be  numbered  as  follows :   No.  1,  at 
centre  of  face  of  disc;  No.  2,  on  face  of  disc  half  an  inch  from  the  edge; 
No.  3,  on  centre  of  edge  of  disc.     The  measures  are  on  the  metre,  gram, 
second  system. 
Ist.  Strength  of  current,  4-4  farads  per  second. 

1.     2220.  2.     3550.  3.     4440. 

2ni  Strength  of  current  8-3  farads  per  second. 

1.     3600.  2.     5300.  3.     7500. 

Next  the  poles  were  turned  toward  each  other  and  the  current  sent 
tirongh  both  magnets,  so  as  to  make  the  poles  of  the  same  name. 
Current  4*6  farads  per  second. 
Ist  Distance  of  poles,  3  in. 

1.     1300.  3.     3800. 

2nd.  Distance  of  poles,  1^  in. 

1.       600.  3.     4000. 

Here  we  see  an  approach  to  one  of  Faraday's  places  of  no  magnetic 
action. 

After  this  the  current  in  one  of  the  magnets  was  reversed  so  as  to 
Jiiake  the  poles  opposite.     Current  the  same. 
Ist.  Distance  of  poles,  3  in. 

1.     5800.  2.     8200.  3.     6700. 

*?nd.  Distance  of  poles,  1^  in. 

1.     9800.  2.     7500.  3.     5800. 

It  is  curious  to  note  how  the  distribution  changes  with  the  distance  of 
^e  discs;  thus,  on  one  disc  free  from  the  other,  the  edge  of  the  disc 
"^  the  greatest  magnetic  surface  density,  but  when  the  two  discs  form 
opposite  poles  and  are  3  in.  apart,  position  2  gives  the  greatest  effect, 
^iile,  when  they  are  IJ  in.  apart,  the  field  is  greatest  at  the  centre. 
"^is  entirely  agrees  with  theory. 

The  conical  poles  for  diamagnetic  experiments  were  then  screwed  on. 
These  were  portions  of  cones  with  an  angle  at  vertex  of  about  60*",  with 
tie  vertex  considerably  rounded  off.  They  were  one  inch  apart  and 
the  poles  were  opposite.     Current  4*4  farads  per  second. 
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At  centre  of  field  between  the  poles 12500 

On  the  axis  near  one  pole 32100 

On  cone  one  inch  from  vertex 11000 

On  cylindrical  portion  of  magnet  2^  inches  from  the 
vertex  of  the  cone 5800 

These  poles  were  now  replaced  by  frustums  of  cones  with  flat  ends, 
the  original  diameter  of  the  iron,  2  inches,  being  reduced  at  the  end  to 
1^  inches,  and  they  were  placed  J  inch  apart.  The  field  in  this  case 
between  them  was  61000,  or  nearly  up  to  the  maximum  of  magnetiza- 
tion of  nickel  at  common  temperatures,  and  above  that  at  high  tem- 
peratures. 

Troy,  April  1,  1875. 
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Past  I. — Linear  Distribution 

COMTBHTS 

I.  Preliminary  remarkB. 
II.  Mathematical  theory. 

III.  Experimental  methods  for  measuring  linear  distribution. 

IV.  Iron  rods  magnetized  by  induction. 

y.  Straight  electro-magnets  and  permanent  steel  magnets. 
VI.  Miscellaneous  applications. 

I. 

In  a  paper  of  mine  published  about  two  years  ago,  I  alluded  to  some 
investigations  which  I  had  made  in  1870  and  1871  on  the  distribution 
of  magnetism.     It  is  with  diffidence  that  I  approach  this  subject,  being 
airare  of  the  great  mathematical  difficulties  with  which  it  is  surrounded. 
Bnt  as  the  facts  are  still  in  advance  of  what  is  known  on  the  subject, 
and  as  I  see  that  other  investigators '  are  following  hard  upon  my  foot- 
steps, I  thought  it  would  be  well  to  publish  them,  particularly  as  it  is 
no  fault  of  mine  that  they  did  not  appear  some  years  ago.*     The  mathe- 
matical theory  which  I  give,  although  not  particularly  elegant,  will  at 
least  be  found  to  present  the  matter  in  a  new  and  more  simple  light, 
and  may  be  considered  simply  as  a  development  of  Faraday's  idea  of 
the  analogy  between  a  magnet  and  a  voltaic  battery  immersed  in  water. 
I  shall   throughout  speak  of  the  conduction  of,  and  resistance  to,  lines 
of  nia^jnetic  force,  and  shall  otherwise  treat  them  as  similar  to  lines  of 
conducted   electricity  or  heat,  it  now  being  well  established  from  the 
researches    of    Professor  Maxwell  and  others  that  this  method  gives 
exact! V  the  same  results  as  the  other  method  of  considering  the  action 
to  take  place  at  a  distance. 

In   arranging  this  paper  I  have  thought  best  to  give  the  theory  of 

J  particularly  M.  Jamin. 

-All  the  experiments  referred  to  in  this  paper  were  made  in  the  winter  of  1870-71. 
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the  distribution  first,  and  then  afterwards  to  see  how  the  results  agree 
with  experiment;  in  this  way  we  can  find  out  the  defects  of  the  theory, 
and  what  changes  should  be  made  in  it  to  adapt  it  to  experiment. 

At  present  I  am  acquainted  with  two  fonnulae  giving  the  distribu- 
tion of  magnetism  on  bar  magnets:  the  first  was  given  by  Biot,  in  his 
Traite  de  Physique  Experimentale  et  Mathematique,  vol.  iii,  p.  77,  and 
was  obtained  by  him  from  the  analogy  of  the  magnet  to  a  dry  electric 
pile,  or  to  a  crystal  of  tourmaline  electrified  by  heat.  He  compared 
his  formula  with  Coulomb's  observations,  and  showed  it  to  represent 
the  distribution  with  considerable  accuracy.  Green,  in  his  *  Essay,' 
has  obtained  a  formula  which  gives  the  same  distribution;  but  he  ob- 
tains it  by  a  series  of  mathematical  approximations  whi^h  it  is  almost 
impossible  to  interpret  physically.  M.  Jamin  has  recently  used  a 
formula  of  the  same  form;  but  I  have  as  yet  been  unable  to  find  how 
he  obtained  it.  My  own  formulae  are  also  quite  similar  to  these,  but 
have  the  advantage  of  being  obtained  in  a  more  simple  manner  than 
Green's ;  and,  what  is  of  more  consequence,  all  the  limitations  are  made 
at  once,  after  which  the  solution  is  exact;  so  that  although  they  are 
only  approximate,  yet  we  know  just  where  they  should  differ  from 
experiment. 

II. 

If  we  take  an  iron  bar  and  magnetize  one  end  of  it  either  by  a  magnet 
or  helix,  we  cause  lines  of  magnetic  induction  *  to  enter  that  end  of  the 
bar,  and,  after  passing  down  it  to  a  certain  distance,  to  pass  out  into 
the  air  and  so  round  to  the  bar  again  to  complete  their  circuit.  At 
every  part  of  their  circuit  they  encounter  some  resistance,  and  always 
tend  to  pass  in  that  direction  where  it  is  the  least:  throughout  their 
whole  course  thev  obey  a  law  similar  to  Ohm's  law;  and  the  number 
of  lines  passing  in  any  direction  between  two  points  is  equal  to  the 
difference  of  magnetic  potential  of  those  points  divided  by  the  resist- 
ance to  the  lines. 

The  complete  solution  of  the  problem  before  us  being  impossible,  let 
us  limit  it  by  two  hypotheses.  First,  let  us  assume  that  the  permea- 
bility of  the  bar  is  a  constant  quantity;  and  secondly,  that  the  resist- 
ance to  the  lines  of  induction  is  composed  of  two  parts,  the  first  being 
that  of  the  bar,  and  the  second  that  of  escaping  from  the  bar  into  the 

3For  diflerence  between  lines  of  magnetic  force  and  lines  of    magnetic  induction 
see  Maxwell's  'Treatise  on  Electricity  and  Magnetism/  arts.  400,  592,  and  604. 
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medium  -  and  that  the  latter  is  the  same  at  every  part  of  the  bar.     The 

iist  of  these  assumptions  is  the  one  usually  made  in  the  mathematical 

theory  of  magnetic  induction;  but,  as  has  been  shown  by  the  experi- 

meats  of  Midler,  and  more  recently  by  those  of  Dr.  Stoletow  and  my- 

sieli,  this  is  not  true;  and  we  shall  see  this  when  we  come  to  compare 

the  fonnula  with  experiment.     The  second  assumption  is  more  exact 

than  the  first  for  all  portions  of  the  bar  except  the  ends. 

Let  us  first  take  the  case  of  a  rod  of  iron  with  a  short  helix  placed  on 
any  portion  of  it,  through  which  a  current  of  electricity  is  sent.     The 
lines  of  magnetic  induction  stream  down  the  bar  on  either  side:  at 
every  point  of  the  bar  two  paths  are  open  to  them,  either  to  pass  further 
down  the  rod,  or  to  pass  out  into  the  air.     We  can  then  apply  the 
ordinary  equations  for  a  derived  circuit  in  electricity  to  this  case. 
Let  fi  be  the  magnetic  penneability  of  the  iron, 
R  be  the  resistance  of  unit  of  length  of  the  rod, 
E'  be  the  resistance  of  medium  along  unit  of  length  of  rod, 
p  be  the  resistance  at  a  given  point  to  passing  down  the  rod, 
s  be  the  resistance  at  the  end  of  the  rod, 
9'*  be  the  number  of  lines  of  induction  passing  along  the  rod 

at  a  given  point, 
V.^  be  the  number  of  lines  of  induction  passing  from  the  rod 

into  the  medium  along  a  small  length  of  the  rod  JL, 
L  be  the  distance  from  the  end  of  the  rod  to  a  given  point, 


"VT?' 


To  find  (I,  the  ordinary  equation  for  the  resistance  of  a  derived  cir- 
cuit jtives 


p  +  dp  = 


(P  +  RdL)  ^ 


P  +  RdL  + 


IF 


whence 


dL 
^  =  ^(ER'-p'), 


'Tbeieare  the  surface-integrals  of  magnetic  induction  (see  Maxwell's  ♦  Electricity,' 
»rt.402)— the  first  across  the  section  of  the  bar,  and  the  second  along  a  length  Mj 
0^  the  surface  of  the  bar. 

*  it  is  to  be  noted  that  ^,  when  AL  is  constant,  is  nearly  proportional  to  the  so- 
«*lled  surface-density  of  magnetism  at  the  given  point. 
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and 

To  find  Q'y  we  have 

whence 


dQ^  =  ^dL, 


0) 


«'  = 


C7 


and 


^  +  1 


(ile'^  +  e-^^), 


(2) 


»— rL 


). 


(3) 


When  L  is  very  large,  or  s  =^s/RR!  ^  we  have 

q  =  (7,e-^'  and  Q[=  Cir^Le\ 

in  which  L^  is  reckoned  from  an  origin  at  any  point  of  the  rod. 

These  equations  give  the  distribution  on  the  part  outside  the  helix; 
and  we  have  now  to  consider  the  part  covered  by  the  helix.     Let  us 


Fig.  1. 

limit  ourselves  to  the  case  where  the  helix  is  long  and  thin,  so  that  the 
field  in  its  interior  is  nearly  uniform. 

As  we  pass  along  the  helix,  the  change  of  magnetic  potential  due  to 
the  helix  is  equal  to  the  product  of  the  intensity  of  the  field  multiplied 
by  the  distance  passed  over;  so  that  in  passing  over  an  elementary  dis- 
tance dy  the  difference  of  potential  will  be  ^dy.  The  number  of  lines 
of  force  which  this  difference  of  potential  causes  in  the  rod  will  be  equal 
to  ^dy  divided  by  the  sum  of  the  resistances  of  the  rod  in  both  direc- 
tions from  the  given  point.  These  lines  of  force  stream  down  the  rod 
on  either  side  of  the  point,  creating  pver3rwhere  a  magnetic  potential 
which  can  bo  calculated  by  equation  (2),  and  which  is  represented  by 
the  curves  in  Fig.  1.     In  that  figure  A  B  is  the  rod,  CD  the  helix,  and 

"This  could  have  been  obtained  directly  from  the  equation    ,,  ^  =Q^r^,  and  Q\  from 
the  equation  Q\  =    ,^    A />. 
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E  the  element  of  length  dy.  Now,  if  we  take  all  the  elements  of  the 
rod  in  the  same  way  and  consider  the  effect  at  H  F,  the  total  magnetic 
potential  at  this  point  will,  by  hypothesis  No.  1,  be  equal  to  the  sum 
of  the  potentials  due  to  all  the  elements  dy, 

Ijet  JQ'  be  the  number  of  lines  of  force  produced  in  the  bar  at  the 
point  E  due  to  the  elementary  difference  of  potential  at 
that  point,  $dy, 
JQ"  be  the  number  o^  lines  of  force  arriving  at  the  point  F  due 

to  the  same  element, 
CV  b^  the  number  of  lines  passing  from  bar  along  length  JL, 
p^  be  the  sum  of  the  resistances  of  the  bar  in  both  directions 

from  E, 
p^he  resistance  at  F  in  direction  of  D, 
y  be  the  distance  D  E, 
X  be  the  distance  D  F, 
b  be  the  distance  C  D, 
s"  and  s'  be  the  resistance  of  the  bar,  &c.,  respectively  at  C  in 

the  direction  of  A,  and  at  D  in  direction  of  -B, 
©  be  the  magnetizing-force  of  helix  in  its  interior. 
I>ot 


. —  rx 


/ 

This  ;i:ives  the  positive  part  of  Ql'.  To  find  the  negative  part, 
rhange  .r  into  b  —  x.  A'  into  A",  and  /I"  into  A\  and  then  change  the 
si«rn  of  the  whole. 

When  the  helix  is  symmetrically  placed  on  the  bar,  we  have  s'  =  s"^ 
A*  -=  A" ;  whence,  adding  the  positive  and  negative  parts  together,  wv 
have 
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,(.'»-" 


-). 


(6) 


■       2v'TS7?  A' 

which  gives  the  number  of  lines  of  induction  passing  out  from  the  rofl 

slang  the  length  JL  when  the  helix  is  symmetrically  placed  on  the  ro^ 

To  get  the  number  of  lines  of  induction  passing  along  the  rod  at  H 

given  point,  we  have 


9" 


=/«■ 


dZ: 


-  1  - 


'  +  C", 


m 


When  the  bar  estende  a  dietance  L'  out  of  both  ends  of  the  helix,  »' 
that 


-WRWh 


e  havf 


C""  = 


_^_     (^"-1>' 


-1) 


It  may  be  well,  before  proceeding,  to  define  what  is  meftnt  by  mag- 
netic resistance,  and  the  units  in  which  it  ia  measured.  If  /i  ia  th( 
magnetic  permeability  of  the  rod,  we  can  get  an  idea  of  the  meaning 
of  magnetic  resistance  in  the  following  manner.  Suppose  we  have  ft 
rod  infinitely  long  placed  in  a  magnetic  field  of  inteuBity  ^  parallel  to: 
the  lines  of  force.  Let  Q'  be  the  niunber  of  linea  of  inductive  forM 
papsing  through  the  rod,  or  the  surface-integral  of  the  magnetic  indue* 
tion  across  its  section;  also  let  n  be  the  area  of  the  rod.  Then  bj 
definition  ;<  =  -^.  If  L  is  the  length  of  the  rod,  the  dilferencc  o^ 
potential  at  the  ends  will  be  L^;  hence 

0'=  jp  andff, 
and  R  in  the  formulfe  becomes 

It  is  almost  impossible  to  estimate  R'  theoretically,  seeing  that 
will  vary  with  the  circumstances.     We  can  get  some  idea  of  its  natui 
however,  by  considering  that  the  principal  part  of  it  is  due  to  t)| 
cylindric  envelope  of  medium  immediately  surrounding  the  rod, 
resistance  of  such  an  envelope  per  unit  of  length  of  rod  is 


L© 

(T'' 
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diT,  fayp-  log  -§ 


where  D  is  the  diameter  of  the  envelope,  d  of  the  rod,  and  )M,  the  permea- 
bility of  the  medium.  But  we  are  not  able  to  estimate  D.  If,  however, 
we  have  two  magnetic  systems  similar  in  all  their  parts,  it  is  evident 
that  beyond  a  certain  point  similarly  situated  in  each  system  we  may 

neglect  the  resistance  of  the  medium,  and  -t  will  be  the  same  for  the 

two  systems.     Hence  R'  is  approximately  constant  for  rods  of  all  diam- 
eters in  the  same  medium,  and  r  takes  the  form 

^' •  •  (') 

It  is  evident  that  the  reasoning  would  apply  to  rods  of  any  section  as 
well  as  circular. 

In  Green's  splendid  essay  (Reprint,  p.  Ill,  or  Maxwell's  ^  Treatise 
on  Electricity  and  Magnetism,'  art.  439)  we  find  a  formula  similar  to 
equation  (5),  but  obtained  in  an  entirely  different  manner,  and  applying 
only  to  rods  not  extending  beyond  the  helix.  In  the  ^  Reprint,'  j9 
corresponds  to  my  r;  and  its  value,  using  my  notation,  is  obtained  from 
the  equation 


"W 


where  p  =  ^. 


•231863  —  2  hyp.  log  jt?  +  2jt?  =  _JL— , ,  ....     (8) 


If  we  make  /i  a  constant  in  this  formula,  we  must  have  p=  -^  = 


which  is  the  same  result  for  this  case  as  from  equation  (7). 

When  fji  in  the  two  formulae  is  made  to  vary,  the  results  are  not 

exactly  the  same;  but  still  they  give  approximately  the  same  results  for 

the  cases  we  shall  consider;  and  since  the  formula  is  at  the  best  only 

approximate,  we  shall  not  spend  time  in  discussing  the  merits  of  the 
two. 

III. 

Among  the  various  methods  of  measuring  linear  magnetic  distribu- 
tion, we  find  few  up  to  the  present  time  that  are  satisfactory.  Coulomb 
used  the  method  of  counting  the  number  of  vibrations  made  by  a 
ttiagnetic  needle  when  near  various  points  of  the  magnet.     Thus,  in 
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the  curve  of  difitribiitioii  moat  often  reproduced  from  his.  work,  he  used 
a  magnetized  steel  bar  37  French  inches  long  and  2  linee  in  diameter 
placed  vertically;  opposite  to  it,  and  at  a  distance  of  8  lines,  he  hung 
a  magnetic  needle  3  lijies  in  diameter  and  6  lines  long,  tempered  \ 
hard;  and  the  number  of  oscillations  made  by  it  was  determined.  The 
square  of  this  number  is  proportional  to  the  magnetic  field  at  that  point, 
supposing  the  magnetism  of  the  needle  to  be  unchanged;  and  this, 
corrected  for  the  magnetism  of  the  earth,  gives  the  magnetic  field  due 
to  the  magnet  alone.  This  for  points  near  the  magnet  and  distant  from 
the  ends  is  nearly  proportional  to  the  so-called  magnetic  surface-density 
opposite  the  point.  At  the  end  Coulomb  doubled  the  quantity  thu< 
found,  seeing  that  the  bar  extended  only  on  one  side  of  the  needle. 

It  will  he  seen  that  this  method  is  only  approximate,  and  almost 
incapable  of  giving  results  in  absolute  measure.  The  effect  on  th» 
needle  depends  not  only  on  that  part  of  the  bar  opposite  the  needle, 
but  on  portions  to  either  side,  and  gives,  as  it  were,  the  average  value 
for  some  distance;  in  the  next  place,  the  correction  at  the  end, 
multiplying  by  S,  seems  to  be  inadequate,  and  gives  too  small  a  result 
compared  with  other  parts.  For  at  points  distant  from  the  end  thfl 
average  surface- density  at  any  point  will  be  nearly  equal  to  the  averagi 
for  a  short  distance  on  both  sides,  while  at  the  end  it  will  be  greatei 
than  the  average  of  a  short  distance  measured  back  from  the  end.  To 
these  errors  must  be  added  those  due  to  the  mutual  induction  of  thit 
two  magnets. 

The  next  method  we  come  to  is  that  which  has  been  recently  use 
by  M.  Jamin,  and  consists  in  measuring  the  attraction  of  a  piece  o 
soft  iron  applied  at  difterent  points  of  the  magnet.  In  this  ease  ij 
does  not  seem  to  have  been  considered  that  the  attraction  depends 
only  on  the  magnetic  density  at  the  given  point,  hnt  also  on  that  aronw 
it,  and  that  a  piece  of  soft  iron  applied  to  a  magnet  changes  the  diatri- 
biition  immediately  at  all  points,  but  especially  at  that  where  the  iron  E^ 
applied.  The  change  is  of  course  less  when  the  magnet  is  of  very  hard 
steel  and  the  piece  of  soft  iron  small.  Where,  however,  we  wish  t 
get  the  distribution  on  soft  iron,  it  becomes  a  quite  serious  difficul^< 
Another  source  of  error  arises  from  the  fact  that  the  coefficient  < 
magnetization  of  soft  iron  is  a  function  of  the  magnetization:  tk 
source  of  error  is  greatest  when  the  contact-piece  is  long  and  thin,  aa 
h  a  minimum  when  it  is  short  and  thick  and  not  in  contact  with  H 
magnet.  Hence  this  method  will  give  the  best  results  when  the  on 
tact-piece  is  small  and  in  the  shape  of  a  sphere  and  not  in  contact  wM 
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t  magoet,  and  when  the  method  is  applied  to  eteel  magnets.  But 
r  taking  all  these  precautions,  the  question  next  arises  as  to  how 
1  obtain  the  magnetic  surface-density  from  the  experiments.  Theory 
dicatee,  and  M.  Jamin  has  oEsumed,  that  the  attractive  force  is  nearly 
pqionional  to  the  square  of  the  surface -density.  But  esperimenl 
n  to  confirm  this,  except  where  there  is  some  distance 
Xween  the  two  bodies,  at  least  in  the  case  of  a  sphere  and  a  plane 
Brfnce,  as  in  TyndalFs  experiments  (Phil.  Mag.,  April,  1851).  It  is 
lOt  necessary  at  present  to  consider  the  cause  of  this  apparent  dis- 
Rpancy  between  theory  ar-d  experiment;  suffice  it  to  say  that  the 
tjiUnation  of  the  phenomenon  is  without  doubt  to  be  sought  for  in 
•  Tunable  character  of  the  magnetizing- function  of  iron.  All  I  wish 
r  i*  that  the  attraction  of  iron  lo  a  magnet,  especially  when  the 
t*o  ire  in  contact,  is  a  very  complicated  phenomenon,  whose  laws  in 
pnera)  are  unknown,  and  hence  is  entirely  unsuitable  for  experiments 
n  magnetic  distribution. 
A  third  method  is  that  used  in  determining  the  correction  for  the 
btribntton  on  the  magnets  in  finding  the  intensity  of  the  earth's 
^etiem.  Usually  the  distribution  is  not  explicitly  found  in  this 
te;bat  it  is  easy  to  see  how  it  might  be.  Thus,  one  way  would  be  as 
Uowb: — Take  the  origin  of  coordinates  at  the  centre  of  the  magnet, 
Dnelop  the  distribution  in  an  ascending  series  of  powers  of  x  with 
■nknovn  constant  coefGcients.  Calculate  the  magnetic  force  due  to 
ttus  distribution  for  any  points  along  the  axis,  or  else  on  a  line  perpen- 
ftcnlarto  the  magnet  at  its  centre.  Determine  the  force  at  a  series  of 
fwntj  extending  through  as  great  a  range  and  as  near  the  magnet  as 
fwibla  These  experiments  give  a  series  of  equations  from  which  the 
I  in  the  expansion  can  he  determined.  Other  and  better 
Urtiods  of  expansion  might  be  found,  except  for  short  magnets,  where 
"method  suggested  is  very  good. 

The  similarity  of  this  method  to  that  used  by  Gauss  in  determining 
^  distribution  on  the  earth  is  apparent. 

A  fourth  method  is  similar  to  the  above,  except  that  the  lines  of 
» iround  the  magnet  are  measured  and  calculated  instead  of  the 

ttelist  two  methods  are  very  exact,  but  are  also  very  laborious,  and 

only  adapted  to  special  investigations.     Thus,  by  the  change 

KtiOD  of  the  lines  of  force  around  the  magnet,  we  have  a  delicate 

I  of  showing  the  change  in  distribution,  as,  for  instance,  when  the 

It  around  an  elctro-magtiet  varies. 
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The  fifth  method  is  that  used  lately  in  some  esperimentE  of  Mi| 
Sears  (American  Journal  of  Science,  July,  1874),  but  only  adapted  I 
temporary  magnetization.  At  a  given  point  on  the  bar  a  small  coil  0 
wire  is  placed,  and  the  current  induced  in  it  measured  by  the  swing  ( 
the  galvanometer- needle  when  the  bar  is  demagnetized.  It  does 
seem  to  have  been  noticed  that  what  we  ordinarily  consider  the  maf 
netic  distribution  is  not  directly  measured  in  this  way;  and  indeed,  ( 
get  correct  results,  the  magnetization  should  have  been  reversed,  seei^ 
that  a  large  portion  of  the  magnetization  will  not  disappear,  on  takioj 
away  the  magnotizing-force,  where  the  bar  is  long.  The  quantity  whid 
is  directly  measured  is  the  surface-integral  of  the  temporary  magneti 
induction  across  the  section  of  the  bar,  while  the  magnetic  surtac* 
density  is  proportional  to  the  surface-integral  of  magnetic  indactitni 
along  a  given  portion  of  the  bar.  In  other  words,  the  quantity  measuraj 
is  Q  instead  of  -ii.  We  can,  however,  derive  one  from  the  other 
easily. 

The  sixth  and  last  method  is  that  which  I  nsed  first  in  1870,  and  t 
which  most  of  my  experiments  have  been  performed.  This  consista  i 
gliding  a  small  coil  of  wire,  which  just  fits  the  bar  and  is  also  v 
narrow,  along  the  bar  inch  by  inch,  and  noting  the  induced  curren 
over  each  inch  by  the  deflection  of  a  galvanometer-needle.  This  n 
urea  Q,,  except  for  some  corrections  which  I  now  wish  to  note.  In  tl 
first  case,  to  give  exact  results,  the  lines  of  force  should  pass  out  p 
pendicular  to  the  bar,  or  the  coil  must  be  very  small.  But  even  wh< 
the  last  condition  is  fulfilled  errors  will  be  introduced  at  certain  pa 
tions  of  the  bar.  The  error  is  vanishingly  small  in  most  cases,  ezcCj 
near  the  ends;  and  even  there  it  is  not  large,  except  in  special  cast^ 
for  at  this  part  the  lines  of  force  pass  forward  toward  the  cod  of  tl 
bar,  and  so  the  observation  next  to  the  end  may  be  too  small,  wUI 
that  at  the  end  is  too  large.  The  correction  can  be  made  by  findil 
where  the  lines  of  force  through  the  centre  of  the  section  of  the  o 
in  its  two  positions  meet  the  bar.  The  error  from  this  source  is  0 
large,  and  may  be  avoided  to  a  great  extent. 

One  very  great  advantage  in  the  method  of  induced  currents  is  fl 
facility  with  which  the  results  can  he  reduced  to  absolute  measure ' 
including  an  earth -in  due  tor  in  the  circuit  as  I  have  before  describ 
(Phil.  Mag.,  August,  1873).  There  is  also  no  reaction  (except  8 
porary  one)  between  the  magnet  and  current;  so  that  the  distribnt 
remains  unchanged.  Hence  it  seems  to  me  that  this  method  is  ! 
only  one  capable  of  giving  exact  results  directly. 
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The  coils  of  wire  which  I  used  consisted  of  from  twenty  to  one 
handred  turns  of  fine  wire  wound  on  thin  paper  tubes  which  just  fitted 
tte  l»ir  and  extended  considerably  beyond  the  coils.  The  coils  were 
ADStly  from  -1  to  '25  of  an  inch  wide  and  from  -1  to  -2  inch  thick,  A 
tuuure  being  laid  by  the  side  of  the  given  bar  under  experiment,  the 
OkI  W88  moved  from  one  division  of  the  rule  to  the  next  very  quickly, 
the  deflection  produced  on  an  ordinary  astatic  galvanometer  noted. 
After  experience  this  could  be  done  with  great  accuracy.  It  might  be 
letter  in  some  cases  to  have  the  coil  slide  over  a  limited  distance  on 
the  mbe,  though  for  the  use  to  which  I  intend  to  put  the  results  the 
cither  is  best. 

to  35°  Q^  IB  nearly  proportional  to  the  deflection;  and  when  any 
Iirger  value  is  put  down  in  the  Tables,  it  is  the  sum  of  two  or  more 
deflections,  I  have  not  the  data  in  most  caaes  to  reduce  my  results 
to  absolute  measure,  but  took  pains  to  ensure  that  certain  series  of  ex- 
perinients  should  be  comparable  among  themselves. 

Hiving  measured  Q^  at  all  points  of  a  rod,  we  may  find  Q  by  adding 
tf  the  values  of  Q^  from  the  end  of  the  rod. 

The  magnetizing  force  to  which  the  bar  was  subjected  ■  was  in  all 
Ku  a  helix  placed  at  some  part  of  the  bar.  The  iron  bars  were  of 
OBTse  demagnetized  thoroughly  before  use  by  placing  them  in  the 
jnper  position  with  reference  to  the  magnetic  meridian  and  striking 
tbem. 

la  the  Tables  L  ia  the  distance  in  inches  from  the  zero-point,  p,  is 
lie  deflection  of  the  galvanometer  when  the  helix  is  passed  between  the 
jointi  indicated  in  the  first  column.  Thus,  in  Table  IT,  34-1'  is  the 
deflection  on  the  galvanometer  when  the  helix  was  moved  from  the 
teitb  to  the  eleventh  inch  from  the  zero-point;  and  so  we  may  con- 
■derit  as  the  value  of  (?,  at  lOJ  inches;  so  that  the  values  of  Q^  refer 
>  the  half  inches,  but  Q  to  the  even  inches. 

h  »U  the  calculations  the  constants  in  the  formulas  were  taken  to 
tfneeat  Q  most  nearly,  and  then  the  corresponding  formulte  for  Q, 
tkra  with  the  same  constants. 

For  ease  in  calculating  by  ordinary  logarithmic  Tables,  we  may  put 
'=10 -*\ 

IV. 

TiUe  I  IB  from  &  bar  17^  inches  long  with  a  magnetizing  helix  li 
long  at  one  end,  the  zero-point  being  at  the  other.  Table  II  is 
1  a  bar  9  feet  long  with  a  helix  4}  inches  long  quite  near  one  end, 
tero-point  being  at  1   inch  from  the  helix  toward  the  long  end. 
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Table  III  is  from  a  bar  2  feet  long  with  a  helix  4^  Inches  long 
one  end,  so  that  its  centre  was  19J  inches  from  the  end  on  which 
experimenta  were  made,  the  zero-point  being  at  the  end. 

In  adapting  the  formula  to  apply  to  the  case  of  Table  I,  we 
assume  that  at  the  end  of  the  bar  s  ^a^  and  C  =  0,  which  is  equivB| 
tn  asstuning  that  the  number  of  lines  of  induction  which 
the  end  of  the  rod  are  too  small  to  be  appreciated. 
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In  Table  II  ohservations  were  not  made  over  the  whole  lengtl 
the  rod,  and  the  zero-point  was  not  at  the  end  of  the  bar.  It  is  end 
however,  that  by  giving  a  proper  value  to  s  we  may  suppose  the  ' 
end  at  any  point.     As  the  rod  is  very  long,  expressions  of  the  form 

Q'—C"=<J'^-"-—C"  and  Q;  =  rGU-"- 
will  apply. 

In  Table  II  the  observations  were  near  the  end  of  the  pod,  and 
repeated  several  times.     Neglecting  the  end  of  the  rod,  we  have  s- 

In  these  Tables  we  see  quite  a  good  agreement  between  theory 
observation;  but  on  more  careful  examination  we  observe  a  certain 
in  the  distribution  of  errors.  Thus  in  Table  I  the  errors  of  Q' 
positive  between  0  and  8  inches;  and  this  has  always  been  found  i 
the  case  at  this  part  of  the  bur  in  all  my  experiments. 

The  explanation  of  this  is  very  simple.     In  obtaining  the  iom 
we  assumed  that  the  magnetic  permeability  of  the  bar  /*  va&  a  coi 
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quantity;  bnt  it  has  been  Bhown  by  Dr.  Stoletow  and  myeelf,  independ- 
entJy  of  each  other,  that  ft  increases  as  the  magnetism  of  the  bar  in- 
creases when  the  latter  is  not  great.     Hence  between  0  and  8  inches 
the  resifitance  of  the  bar,  R,  is  greater  than  at  succeeding  points,  and 
hence  a  less    number  of  lines  of  induction  pass  down  the  bar  from  8 
towards  0  than  would  be  given  by  the  formula,  which  baa  been  adapted 
to  the  average  value  of  R  at  from  9  to  1-i  inches.     In  Table  II  this 
«am«  (act  shows  itself  towards  the  end  of  the  Table,  and  wouM  prob- 
ably be  more  prominent  had  the  Table  been  carried  further.     However, 
In  this  Table  all  things  have  combined  to  satisfy  the  formula  with  great 
iccnracy. 

In  Table  III  we  come  across  a  fact  of  an  entirely  different  nature 
from  the  above.     Fig.  2  is  the  plot  of  this  Table,  and  gives  the  values 
If  O;  at  different  parts  of  the  rod. 
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The  horizontal  line  in  the  figure  represents  values  of  L,  and  the  verti- 
cal ordioates  are  values  of  Q\  The  full  line  gives  the  observed  dis- 
trihution,  and  the  dotted  tine  that  according  to  the  formnla. 


The  formula  gives  the  distribution  very  nearly  for  all  points  except 
those  near  the  end.  The  fffrraula  indicates  that  Q'^  decreases  contin- 
ually toward  the  end;  but  by  experiment  we  see  that  it  increases  near 
this  point.  On  first  seeing  this,  I  thought  that  it  was  due  to  some 
residual  magoetisni  in  the  bar;  but  after  repeating  the  experiment 
several  times  with  proper  care,  I  soon  found  that  this  was  always  the 
case.  I  give  the  following  explanation  of  it:— In  the  formulffi  we  have 
assumed  Ji',  the  resistance  of  the  medium,  to  be  a  constant;  now  this 
resistance  includes  that  of  the  lines  of  force  as  they  pass  from  the  rod 
through  the  medium  and  thus  back  to  the  other  end  of  the  rod;  and  of 
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is  whole  quantitj  the  part  which  affects  the  relative  distribution  at 
ly  part  of  the  rod  most  is  that  of  the  medium  immediately  surrounding 
that  p«rl;  and  so  the  parts  near  the  end  have  the  advantage  over  those 
farther  back,  inasmuch  as  the  lines  can  pass  forward  as  well  aa  outward 
into  the  medium.  The  same  thing  takes  place  in  the  case  of  the  dis- 
tribnttoi)  of  electricity,  where  the  "density"  is  inversely  proportional 
the  resistance  which  the  lines  of  inductive  force  experience  from 
the  medium;  and  here  we  find  that  the  "density"  is  greatest  on  the 
irojections  of  the  body,  showing  that  the  resistance  to  the  lines  of  in- 
duction is  less  in  such  situations,  and  by  analogy  showing  that  this 
.nst  also  be  the  case  for  lines  of  magnetic  force.  But  this  effect  is 
Bol  very  great  in  cylinders  until  quite  near  the  end;  for  Coulomb,  in  a 
electrified  cylinder,  has  found  the  density  at  one  diameter  back 
irom  the  end  only  1-25  times  that  at  the  centre;  and  so  there  is  prob- 
«bly  «  long  distance  in  the  centre  where  the  density  is  sensibiy  constant. 
Hence  we  may  suppose  that  our  second  hypothesis,  that  E'  is  a  con- 
stant, will  be  approximately  correct  for  all  parts  of  a  bar  except  the 
ends,  though  of  course  this  will  vary  to  some  extent  with  the  distribu- 
tion of  the  lines  in  the  medium;  at  least  the  change  in  R'  will  be 
gradual  except  near  the  end,  and  so  majt  be  partially  allowed  for  by 
giving  a  mean  value  to  r. 

Hence  we  see  that  could  the  formula  be  so  changed  as  to  include 
V>th  the  variation  of  li  and  of  R',  it  would  probably  agree  with  the 
Lhree  Tables  gi^en. 

To  study  the  effect  of  variation  in  the  permeability  more  carefully, 
we  can  proceed  in  another  manner,  and  use  the  formulae  only  to  get 
the  value  of  r  at  different  parts  of  the  rods. 

No  matter  how  r  may  vary,  equations  (8)  and  (3)  will  apply  to  a  very 

lall  distance  I  along  the  rod;  and  as  the  orgin  of  coordinates  may  be 

It  any  point  on  the  rod,  if  Q'  and  Q\  are  taken  at  one  point  and  Q  and 

^  at  another  point  whose  distance  from  the  first  is  /,  we  shall  have  the 

>nr  equations 
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Calling  ^  =ff  And  ^  =  G,  we  shall  find,  on  eliminating  C  and  A 
id  developing  t"  and  t-^. 
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)r,  to  a  greater  degree  of  approximation. 
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Before  applying  theee  fommlffi  to  any  series  of  observations,  the 
latter  should  be  freed  from  most  of  the  irregularities  due  to  accidental 
causes.  For  this  purpose  the  following  Tables  have  been  plotted  and  a 
regular  curve  drawn  to  represent  ae  nearly  as  possible  the  observations; 
in  other  cases  a  column  of  differences  was  formed  and  plotted.  In 
either  case  the  ordinates  of  the  curves  were  accepted  as  the  true  quan- 
tities. But,  for  fear  that  some  might  accuse  me  of  tampering  with  my 
observations,  I  have  in  all  cases  added  these  as  they  were  obtained. 

TABLE  IV. 
Bib  -19  Inch  Diimetbb.    0  it  Cbhtm  of  Bib. 


L. 

Obaarved. 

ComHJted. 

Cotmowa.        '' 

-1 

A-l 

a 

34 

17 

0 
0 

* 
3*0 
17-0 

151-7 
137-7 
110-7 
»7.0 
85-4 
75-8 
66-S 
58-3 
.51-1 

041 

1 
84.4 

13 

7 

13-7 

case 

SS-1 

11 

« 

11.85 

OIBS 

59- 1 

III 

H 

1015 

0168 

69-5        t 

8 
B 

U 

1 

8.0 
7a5 
6 -35 

0150 
0142 
0150 
01 S9 

66-7 
02-9 

r. 

.^■05 

OlSO 

13 

4 

•J 

a 

3-4 

34-1 
35-8 

0187 
0180 
0184 
0184 

S9-9 
55-B 
54-3 
54-3 

asx 

The  correction  is  necessary,  because  small  irregularities  in  the  obser- 
vations will  produce  immense  changes  in  r". 

Table  IV  contains  some  of  the  best  observations  I  have  obtained. 
It  is  from  a  bar  57  inches  long  with  a  helix  1^  inch  long  in  the  centre 
to  magnetize  it.  Each  quantity  is  the  mean  of  six  observations,  these 
being  made  on  both  ends  of  the  bar  and  with  the  current  in  opposite 
directions. 

In  this  Table  a  source  of  error  was  guarded  against  which  I  have  not 


Studies  on  Maonemc  Distbibdtion 


105 


seen  mentioned  elsfiwhere.  When  a  bar  of  iron  is  magnetized  at  Qny 
part  and  the  distribution  over  the  rest  quickly  measured,  on  being  then 
«]loired  to  stand  some  time  and  the  distribution  again  taken,  it  will  have 
changed  somewhat,  the  magnetism  having,  as  it  were,  crept  down  the 
bar  further.  Hence  in  this  Table  time  was  allowed  for  the  bar  to  reach 
its  permanent  state. 

On  looking  over  column  6,  which  contains  the  values  of  .  =  -p  =  Ifnii 
(equation  7),  we  observe  that  as  Q'  decreases,  the  valne  of  R'a/t  first 
increases  and  then  decreases.  Now  it  is  not  probable  that  R'  undergoes 
any  sudden  change  of  this  sort ;  and  so  it  is  probably  due  to  change  in 
the  permeability  of  the  rod.  Hence  by  this  method  we  arrive  at  the 
same  results  as  by  a  more  direct  and  exact  method.'  But  by  this  means 
we  are  able  lo  prove  in  the  most  unequivocal  manner  that  magnetic 
permeabitily  is  a  function  of  the  matjtietization  of  Ike  iron  and  not  of  the 
magnetizing  force.  Hence  it  is  that  I  have  preferred,  in  my  papers  on 
Magnetic  Permeability,  to  consider  it  in  this  way  in  the  formula!  and 
also  in  the  plots,  while  Dr.  Stoletow  (in  his  paper,  Phil,  Mag.,  January, 
1673)  plots  the  magnetizing-function  as  a  function  of  the  magnetizing 
force. 

When  we  plot  the  results  in  this  Table  with  reference  to  Q'  and  R'a/i, 
the  effect  of  the  variation  of  R'  is  apparent;  and  we  see,  on  comparing 
the  carve  with  those  given  in  my  paper  above  referred  to,  that  B'  in- 
creases as  L  increases,  at  least  between  i  =  2  and  L^=8,  which  is  as 
we  should  suppose  from  the  arrangement  of  the  apparatus.  For  this 
Table  I  happen  to  have  data  for  determining  Q  in  absolute  measure; 
and  these  show  that  the  masimum  value  of  /i  should  be  about  where 
the  Table  shows  it  to  be. 

This  method  of  finding  the  variation  of  /j  is  analogous  to  that  of 
finding  conductivity  for  heat  by  raising  the  temperature  of  one  end 
of  a  bar  and  noting  the  distribution  of  heat  over  the  bar;  indeed  the 
curves  of  distribution  are  nearly  the  same  in  the  two  cases. 

If  it  were  thought  worth  while,  it  would  be  very  easy  to  obtain  a 
carve  of  magnetic  distribution  for  a  rod  and  then  enclose  the  whole 
rod  in  a  helix  and  determine  its  curve  of  permeability.  This  would 
gire  data  for  determining  R'  in  absolute  measure  at  every  point  of  the 
rod. 

To  complete  the  argument  that  the  variation  of  r'  is  in  great  measure 
due  to  that  of /j.  I  have  cansed  the  magnetizing  force  on  a  bar  to  vary. 

'Phil.  Mag,,  .lugiiil,  1HT». 
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Tables  V,  VI,  and  VII  are  from  &  bar  9  feet  long  and  85  inch  in 
diameter.  At  the  centre  a  single  layer  of  fine  wire  was  wound  for  a 
distance  of  1  foot;  and  the  current  for  magnetizing  the  bar  was  sent 
through  this.  The  zero-point  was  at  the  centre  of  this  helix  and  at  the 
centre  of  the  bar;  bo  that  the  obserratione  on  the  first  6  inches  include 
the  part  of  the  bar  covered  by  the  helix. 

The  values  of  Q'^  are  the  sum  of  four  observations  on  each  end  of 
the  bar  and  with  the  current  reversed.  The  three  Tables  are  compar- 
able with  each  other,  the  same  arbitrary  unit  being  used  for  all. 


TABLE  V. 
Maonitieiho  Cobkbitt  ne. 


h. 

Jl 

&- 

&-   ^ 

-1- 

1     K- 

^- 

reoted. 

lectsd. 

„».. 

0 

a-7 

a-40 

9 
8 

t 

89 

7-83 

13  ■? 

13-M 

18-a 

IS-Sl 

34-4 

34-87     1 

a 

SS-4 
31-S 

31-7 
830 

28.2 

230 -S 

188-6 

OIBO 

oaia 

3-4 
7-3 

33-S8     1 

1 

9 
10 

24-9 

ai'4 

18. S 

24-7 

ai-7 

lU-O 

13.5-6 
113-B 

94-B   : 

78-5     1 
84-3 
53-3     1 
4:i-3 

0S1» 
03RB 

oasa 

45-B 

42-4 
SB -7 

■( 

13 

la 

H 

Ifi 

14  2 

U-7 

16-4 
14-3 

ia-0 

100 

0378 
0311 
0367 
0404 

300 

aa-3 

37-3 
S4-S 

33-5 

17..^ 

} 

17 

IS 

11.6 

6-e 

s-t 

34-1      1 
C7-5     1 
33-4     I 

0445 
0570 

1 

1 

End. 

;- 

Here  we  see  an  excellent  confirmation  of  the  results  deduced  from 
Table  IV.  In  Table  V,  where  the  magnetizing  force  is  very  small,  and 
where,  consequently,  no  part  of  tlie  iron  has  yet  reached  its  mintmnm 
resistance,. the  value  of  -,  —  „  =  JCoft  decreases  continually  as  the  value 
of  Q'  decreases,  as  it  should  do.  In  Table  VI,  with  a  higher  magnetiz- 
ing power,  which  was  sufficient  to  bring  a  portion  of  the  bar  to  aboat 
the  minimum  resistance,  we  see  that  -5  remains  nearly  stationary  for  a 
short  distance  from  the  helix  and  then  decreases  in  value.  In  Table 
VII.  where  the  bar  is  highly  magnetized  and  the  portion  near  the  zero- 
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TABLE  VI. 
MxammmifB  Corrbmt  -31. 


I. 

Hk 

^ 

&. 

f. 

1 

cSoi-     ' 

reotad. 

- 

0 

18-8 

173       1 

330 

33-4 

33-38 

«-8 

48.34     1 

55-9 
lU-8 
48-8 

66-i 
48' 1 

801-0 
3S6'8 

888-7 
348-4 
^OB  0 
176.0 
147-0 
I3I-7 
99-8 

-02M 

49-0 

B5-H0     1 

I 

ei-3 
61- a 

Mi 

4a-3 
87-4 
S8  0 
29  0 
SS-8 

■0301 

■0303 
■0230 
■0343 
■0363 
■0300 

49-7 
49^6 
45-5 

41. e 

38-2 

33.S 

11        ' 

1 

86-4 

18-7 

■0953 

384 

u\ 

15-8 

8G-5 

53-8 

■040.1 

34^T 

r 

"1 

aa-0 

ia-7 

-0479 

30-9 

Eld. 

48-0 

'  1 

TABLE  VII, 
HiovKTiziNa  CnsBiira  1 


L 

Sfc 

& 

& 

1 

t^lD^- 

„„«. 

reoted.    1 

1        '        8 

5 

763- 

758- 
749- 

4     1 

3-S8 
8-39 
15-78 

4         i       37 

708- 
663- 
595^ 
534- 
464- 
413- 
388- 
»3«- 
291- 
357- 
337- 

173- 
Ifil^ 
130- 
113^ 
96  ■ 

38-70 

•,                ** 

43-8S 

I                ftfl 

69.87 

T                '' 

Jl- 

I   ■    -ma 

41-8 

8         1       ** 

1                *• 

a       i     *^ 

5 
0 

59- 
45  ■ 

I     1      -0300 
"     ,      -01B3 
A           .0141 

50-0 
01  ^7 
70- e 

Z?, 

40 

40- 

*             0130 

se^ 

'      1      -0107 

03-5 

.         '       33 

83^ 

I     \     -Olio 

1         1       30 

SO- 

°           -0118 

86  ■a 

:         1       38 

38  ■ 

,    !    -Oils 

84-7 

35- 

0     1      -0140 

71  ^4 

4 

33- 

a        "'*'' 

68.0 

0 

0 

30- 
18- 
18- 

'           '0180 

03-1 

55  ■Q 

J 

1 
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points  approaches  the  maximum  of  magnetization,  -,  increases  in  value 

as  we  pass  down  the  bar;  and  having  reached  its  maximum  at  L=  11} 
nearly,  it  decreases.  These  Tables,  then,  show  in  the  most  striking 
manner  the  effect  of  the  variation  of  the  magnetic  permeability  of  iron 
upon  the  distribution  of  magnetism. 

It  is  evident  that  these  Tables  also  give  the  data  for  obtaining  the 
relative  values  of  R'  at  different  parts  of  the  bar;  but  the  results  thus 
obtained  are  conflicting,  and  will  need  further  experiment  to  obtain 
accurate  results.  Where  such  a  small  magnetizing  force  is  used  as  in 
Table  V  it  is  almost  impossible  to  attain  accuracy;  and  allowance  should 
be  made  for  this  in  deducing  results  from  it.  The  greatest  liability  to 
error  is  of  course  where  the  magnetization  is  small;  for  any  small  re- 
sidual magnetism  which  the  bar  may  contain  will  be  more  apparent 
here — although  great  care  was  taken  to  remove  all  residual  magnetism 
before  use.  Besides  this  there  are  many  other  disturbances  from  which 
the  higher  magnetizing  powers  are  free. 

If  we  accept  Green's  formula  as  correct,  these  observations  give  us  data 
for  determining  the  magnetizing-f unction  of  iron  in  a  unique  manner,  for 
nearly  all  other  methods  depend  on  absolute  measurements  of  some 
kind.  Thus  the  least  value  of  r*  in  Table  IV  for  a  rod  -19  inch  diam- 
eter is  0142,  which  gives  p==  01132,  which  in  Green's  formula  (equa- 
tion 8)  gives  /i  =  3388  for  the  greatest  permeability  of  this  iron;  and 
this  is  as  nearly  right  as  we  can  judge  for  this  kind  of  iron.  It  is  to  be 
noted  that  Green's  formula  has  been  found  for  the  portion  of  the  bar 
covered  by  the  helix;  but,  as  seen  from  my  formulae,  it  will  approxi- 
mately apply  to  all  portions,  though  it  would  be  better  to  find  a  new 
formula  for  each  case. 

We  shall,  toward  the  last,  resume  this  subject  again;  and  so  will  leave 
it  for  the  present. 

The  results  which  I  have  now  given,  and  indeed  all  the  results  of  this 
paper,  have  been  deduced  not  only  from  the  observations  which  I  pub- 
lish, but  from  very  many  others;  so  that  my  Tables  may  be  considered 
to  represent  the  average  of  a  very  extended  series  of  researches,  though 
they  are  not  really  so. 

V. 

Let  us  now  consider  the  case  of  that  portion  of  the  bar  which  is 
covered  by  the  helix.  First  of  all,  when  the  helix  is  symmetrically 
placed  on  the  rod,  equations  (5)  and  (6)  will  apply.     As  Q"  is  the 
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pnntity  which  is  usually  takeu  to  represent  the  dietriljution  of  mag- 
netism, being  nearly  proportional  to  the  "  surface-density  "  of  mag- 
netism, I  eh&ll  prlncipKlly  discuss  it. 

In  the  first  place,  then,  this  equation  (5)  shows  that  the  distribution 
'  of  magnetism  in  a  very  elongated  electromagnet,  and  indeed  in  a  steel 
■  magn«t,  does  not  change  when  pieces  of  soft  iron  bars  of  the  same 
diameter  as  the  magnet  are  placed  against  the  poles,  provided  that  equal 
piecM  are  applied  to  both  ends;  otherwise  there  is  a  change.  This  result 
V{>uld  be  modified  by  taking  into  accoimt  the  variation  of  the  permea- 
bflit7,  be. 

Let  OB  first  consider  the  case  where  the  rod  projects  out  of  the  end 
of  th*  helix,  as  in  Tables  V,  VT,  and  Vll.  By  giving  proper  values  to 
the  constants,  we  obtain  the  results  given  in  the  last  column  of  the 

TABLE  VIII. 


X. 

StMinKth  of  macnetblag  ouirent. 

-KM. 

■w. 

■ff». 

'NO. 

1::: 

to 

ST 

33 
3-T 

fl-0 
8-7 

■7 

■fl 
1-7 
4-0 

-6 
■6 

'B 
■8 
3-2 

Tables.  The  agreement  with  observation  is  in  most  cases  very  perfect. 
Ve  aUo  see  the  same  variation  of  r  that  we  before  noticed  in  the  rest  of 
thff  curves,  and  we  see  that  it  is  in  juat  the  direction  theory  would 
indicate  from  the  change  ol/t. 

In  these  Tables  we  come  to  a  very  important  subject,  and  one  to 
which  I  called  attention  some  years  back — namely,  the  change  in  the 
distrHnition  whtn  the  magnetizing  force  varies,  and  which  is  due  t'l  change 
ef  pt.rmtahilitij.  The  following  Tables  and  figures  show  this  extremely 
irell.  and  are  from  very  long  rods  with  a  helix  a  foot  long  at  their 
centre,  as  in  the  last  three  Tables.  The  bar  in  both  these  Tables  was 
19  inch  in  diameter  and  5  feet  long.  The  zero-point  was  at  the  centre 
of  the  bar  and  of  the  helix.  The  Tables  give  values  of  Q\  for  the 
magnetizing  forces  which  appear  at  Ihe  head  of  each  column,  and  which 
the  tangents  of  the  angles  of  deflection  of  the  needles  of  a  tangent- 

Ivanometer.    Table  VIII  only  gives  the  part  covered  by  the  helix. 

itli  Tabli-B  arc  from  the  mean  of  both  ends  of  the  bar. 
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These  expeziments  show  in  the  most  positive  manner  the  effect  we 
are  considering;  and  we  are  impressed  by  them  with  the  great  compli- 
cation introduced  into  magnetic  distribution  by  the  variable  character 
of  magnetic  permeability. 

In  Fig.  3  I  have  represented  the  distribution  on  half  the  bar,  as  given 
in  Table  IX,  the  other  half  being  of  course  similar.    Here  the  greatest 

TABLE  IX. 


X. 

C. 
•257. 

-868. 

A. 
1'8(«. 

11 

1-8 

21 

4-0 

9-6 

18*6 

21-8 

16-8 

27-4 

20-9 

21-5 

14-8 

16-5 

I] 

'J 

5 

6 

7 

8 
10 
12 
16 
18 
80 

2*5 

7-2 

61 
7-7 
7-9 
6-6 
100 
6-2 
50 
20 
20 

81 

41 

5-9 

8-2 

10-9 

11-5 

90 

15-0 

10-9 

9-8 

4-7 

8*6 

0  5  10  15  20 

Fio.  8. — Plot  of  Table  IX,  showiog  surface-density  for  different  values  of  the 

magnetizing  force. 


change  is  observed  in  the  part  covered  by  the  helix,  though  there  is 
also  a  great  change  in  the  other  part.  These  Tables  show  that,  as 
the  magnetization  of  the  bars  increases,  at  least  beyond  a  certain  point, 
the  curves  on  the  part  covered  by  the  helix  increase  in  steepness;  and 
the  figure  even  shows  that  near  the  middle  of  the  helix  an  increase  of 
magnetizing  force  may  cause  the  surface-density  to  decrease;  jmd  Table 
^^[11  shows  this  even  better.  Should  we  calculate  Q",  however,  we 
should  always  find  it  to  increase  with  the  magnetizing  force  in  all  cases. 
These  effects  can  be  shown  also  in  the  case  where  the  bar  does  not 
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extend  beyond  the  helix,  but  not  nearly  so  well  aB  in  this  case,  seeing 
thit  here  Q"  can  obtain  a  grfater  value. 

Assuming  that  ft  is  variable,  the  ionnula  indicates  the  same  change 
that  we  observe;  for  as  Q"  increaaes  from  zero  upwards,  /i  will  first 
ini!rease  and  then  decrease ;  so  that  as  we  increase  the  magnetizing  force 
from  lero  upwards,  the  curve  should  first  decrease  in  steepness  and 
then  increase  indefinitely  in  steepness.  In  these  Tables  the  decrease 
«f  steq^nees  is  not  very  apparent,  because  the  magnetization  ia  always 
too  grest;  and  indeed  on  this  account  it  is  difficult  to  show  it;  hut  in 
Tables  V,  VI,  and  VII  this  action  is  shown  to  some  extent  by  the 


t'Of  r  in  the  formulte.  The  change  of  distribution  with  the  helix 
1  in  this  way  at  the  centre  of  the  bar  is  greater  than  in  almost 
i"  other  case,  because  the  magnetism  of  the  bar,  Q",  can  change 
I  gnutiy  throughout  the  whole  length  of  the  helix,  and  thus  the  value 
I  of  r  be  changed,  and  so  the  distribution  become  different. 

The  next  case  of  distribution  which  I  shall  consider  ia  that  of  a  very 
[  rod  having  a  helix  wound  closely  round  it  for  some  distance  at 
'ODC  end. 

Table  X  is  from  a  bar  9  feet  long  with  a  helix  wound  for  one  foot 
I  aloDg  one  end.     The  bar  was  -25  inch  in  diameter.     All  except  the  first 
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column  is  the  sum  of  two  results  with  the  current  in  opposite  direc- 
tions, and  after  letting  the  bar  stand  for  some  time,  as  indeed  was  done 
in  nearly  every  case.  The  first  column  contains  twice  the  quantities 
observed,  so  as  to  compare  with  the  others.  The  zero-point  was  at  the 
end  of  the  bar  covered  by  the  helix. 

The  value  of  Q'^  between  0  and  1  includes  the  lines  of  force  passing 
out  at  the  end  of  the  bar,  and  is  therefore  too  large. 

In  Fig.  4  we  have  a  plot  of  the  results  found  for  this  bar.  The 
curves  are  such  as  we  should  expect  from  our  theory,  except  for  the 
variations  introduced  by  the  causes  which  we  have  hitherto  considered. 
Thus  the  sharp  rise  in  the  curve  when  near  the  end  of  the  bar  has 
already  been  explained  in  connection  with  Table  III.     A  small  portion 


Fio.  4.— Plot  of  Table  X. 


of  it,  however,  is  due  to  those  lines  of  induction  which  pass  out  through 
the  end  section  of  the  bar;  and  in  future  experiments  these  should  be 
estimated  and  allowed  for.' 

To  estimate  the  shape  of  the  curve  theoretically  in  this  case,  let  us 
take  equation  (4)  once  more,  and  in  it  make  s'=oo  and  s"  =  ^  RH', 
which  will  make  it  apply  to  this  case.  We  shall  then  have  .4'  =  —  1, 
and  A"=co,  whence  for  the  positive  part  of  (?^' we  have 


and  for  the  negative  part 


^r{r  —  b)    -2r  (X 


Q':  = 


(1     ^    .2r,.-M)^|    _ 


.  —  rr 


); 


^Wlieu  consicleriuij  surfaoo-deiisity,  we  should  also  allow  for  the  direct  action  of 
the  helix,  thoui^h  this  is  always  found  too  small  to  be  worth  takin*;:  into  account 
except  in  very  accurate  experiments. 
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therefore  the  real  value  is 

And  if  a:  is  reckoned  from  the  end  of  the  rod,  we  have 


When  x  =  0,  this  becomes 


and  when  :c  =  &,  it  becomes 

the  ratio  of  which  is 

and  this  is  the  ratio  of  the  values  of  Q^  at  the  ends  of  the  helix. 
When  &  is  12  inches,  as  in  this  case,  we  get  the  following  values  of  this 
ratio: — 


- 

•06. 

•1. 

•15. 

•4178 
2-40 

•20. 

•4546 
2-20 

•80. 

•4868 

206 

1 
00. 

—3 

•2256 
4-43 

•8494 

2-86 

•500 

2^00 

To  compare  this  with  our  experiments,  let  us  plot  Table  X  once  more, 
rejecting,  however,  the  end  observations  and  completing  the  curve  by 
the  eye,  thus  getting  rid  of  the  error  introduced  at  this  point.  We  then 
find  for  this  ratio,  according  to  the  different  curves, 

B.  C.  D. 

2-1  2-3  3^2 

It  is  seen  that  these  are  all  above  the  limit  2,  as  they  should  be — 
though  it  is  possible  that  it  may  fall  below  in  some  cases,  owing  to  the 
variation  of  the  permeability.  As  the  magnetization  increases,  the 
values  of  the  above  ratio  show  that  r  decreases,  as  we  shoidd  expect  it 
to  do  from  the  variation  of  f. 

To  find  the  neutral  point  in  this  case,  we  must  have  in  formula  (10) 

,«r  _,  2.-*  -  1 , 
8 
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where  x  is  the  distance  of  the  neutral  point  from  the  end.     Making 
6  =  12,  we  have  from  this: — 


x= 


•06. 
10-1 


•10. 
8-96 


•16. 


8-31 


•20. 


7-89 


ao. 


7-39 


CO. 


600 


By  experiment  we  find  that  the  neutral  point  ib,  in  all  the  cases  we 
have  given  in  Table  X,  between  7-5  and  81  inches,  which  are  quite 
near  the  points  indicated  by  theory  for  the  proper  values  of  r,  though 
we  might  expect  curve  D  to  pass  through  the  point  a:  =  9,  except  for 
the  disturbing  causes  we  have  all  along  considered. 

Our  formulae,  then,  express  the  general  facts  of  the  distribution  in 
this  case  with  considerable  accuracy. 

These  experiments  and  calculations  show  the  change  in  distribution 
in  an  electromagnet  when  we  place  a  piece  of  iron  against  ons  pole  only. 
In  an  ordinary  straight  electromagnet  the  neutral  point  is  at  the 
centre.  When  a  paramagnetic  substance  is  placed  against  or  near  one 
end,  the  neutral  point  moves  toward  it;  but  if  the  substance  is  diamag- 
netic  it  moves  from  it. 

The  same  thing  will  happen,  though  in  a  less  degree,  in  the  case  of  a 
steel  magnet;  so  that  its  neutral  point  depends  on  external  conditions 
as  well  as  on  internal. 

We  now  come  to  practically  the  most  interesting  case  of  distribution, 
namely  that  of  a  straight  bar  magnetized  longitudinally  either  by  a 
helix  around  it,  or  by  placing  it  in  a  magnetic  field  parallel  to  the  lines 
of  force;  we  shall  also  see  that  this  is  the  case  of  a  steel  magnet  mag- 
netized permanently.  This  case  is  the  one  considered  by  Biot  {Traite 
de  Phi/s.,  tome  iii,  p.  77)  and  Green  (Mathematical  Papers  of  the  late 
George  Green,  p.  Ill,  or  Maxwell's  *  Treatise/  art.  439),  though  they 
apply  their  formula}  more  particularly  to  the  case  of  steel  magnets. 
Biot  obtained  his  formula  from  the  analogy  of  the  magnet  to  a  Zamboni 
pile  or  a  tourmaline  electrified  by  heat.  Green  obtained  his  for  the 
case  of  a  very  long  rod  placed  in  a  magnetic  field  parallel  to  the  lines 
of  force,  and,  in  obtaining  it,  used  a  series  of  mathematical  approxima- 
tions whose  physical  meaning  it  is  almost  impossible  to  follow.  Prof. 
Maxwell  has  criticised  his  method  in  the  following  terms  (^Treatise/ 
jirt.  439): — "Though  some  of  the  steps  of  this  investigation  are  not 
rigorous,  it  is  probable  that  ihe  result  represents  roughly  the  actual 
mairiiptization  in  this  most  important  case.^'     From  the  theory  which 
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T  have  given  in  t,hi'  first  part  of  this  paper  we  ean  deduce  the  physicnl 
tncaning  of  Green's  approximations;  and  these  are  included  in  the 
hypothesee  there  given,  seeing  that,  when  my  formula  is  applied  to  the 
special  case  considered  by  Green,  it  agrees  with  it  where  the  perinea- 
btlitj  of  the  material  ie  great.  My  formula,  however,  ia  far  more  gen- 
«>r«I  than  Green's. 

It  ie  to  Green  that  we  owe  the  important  remark  that  the  distribu- 
tion in  a  eteel  magnet  may  be  nearly  represented  by  the  same  formula 
that  api>lie3  to  electromagnets. 

Ab  Green  uses  what  is  known  as  the  surface-density  of  magneti3ation, 
let  Ds  first  see  how  this  quantity  compares  with  those  I  have  used. 

Suppose  that  a  long  thin  steel  wire  is  so  magnetized  In  the  direction 
of  its  length  that  when  broken  up  the  pieces  will  have  the  same  mag- 
netic moment.  While  the  rod  is  together,  if  we  calculate  its  effect  on 
exterior  bodies,  we  shall  see  that  the  ends  are  the  only  portions  which 
fieem  to  net.  Hence  we  may  mathematically  consider  the  whole  action 
of  the  rod  to  be  due  to  the  distribution  of  an  imaginary  magnetic  fluid 
over  the  ends  of  the  rod.  Ah  any  case  of  magnetism  can  be  represented 
by  a  proper  combination  of  these  rods,  we  see  that  all  cases  of  this  sort 
e*n  be  calculated  on  the  supposition  of  there  being  two  magnetic  fluids 
dtstribnted  over  the  surfaces  of  the  bodies,  a  unit  quantity  of  which 
will  repel  another  unit  of  like  nature  at  a  unit's  distance  with  a  unit  of 
foree.  The  surface-density  at  any  point  will  then  be  the  quantity  of 
this  fluid  on  a  unit  surface  at  the  given  point;  and  the  linear  density 
■long  a  rod  will  be  the  quantity  along  a  unit  of  length,  supposing  the 
density  the  same  as  at  the  given  point. 

Where  we  use  induced  currents  to  meaenre  magnetism  we  measure 
Ibe  number  of  lines  of  force,  or  rather  induction,  cut  by  the  wire,  and 
ihe  natural  unit  used  is  the  number  of  lines  of  a  unit  field  which  will 
[■aw  through  n  unit  surface  placed  perpendicular  to  the  lines  of  force. 
The  unit  pole  produces  a  unit  field  at  a  unit's  distance;  hence  the  num- 
ber of  lines  of  force  coming  from  the  unit  pole  is  4;r,  and  the  linear 
eity  in 

(11) 


e  surface-density 


>  really  apply  only  to  steel  magnets;  but  ae  in  the  case  of  electro- 
OMgnvtff  Ihe  notion  of  Die  helix  is  very  smaK  compared  with  that  of  the 
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iron,  especially  when  it  is  very  long  and  the  iron  soft/  we  can  apply 
these  to  the  cases  we  consider. 
Transforming  Green's  formula  into  my  notation^  it  gives 

in  which  k  is  Neumann's  coeflBcient  of  magnetization  by  induction,  and 
is  equal  to 

This  equation  then  gives 

!|:)  $r  (,.  -  1)  L_.  _-_^ (U) 

Equation  (5)  can  be  approximately  adapted  to  this  case  by  making 
«'  =  00 ,  which  is  equivalent  to  neglecting  those  lines  of  force  which 
pass  out  of  the  end  section  of  the  bar.     This  gives  A'  =  —  1 ;  hence 

Q"=jL-4^'    ,       .  - (15) 

Now  we  have  found  (equation  7)  that  r  =  -^  J  —^  nearly;  and 
this  in  Green's  formula  (equation  14)  gives 

^'  J^RR'      fJi  1  +  e'*  ^      ^ 

which  is  identical  with  my  own  when  //  is  large,  as  it  always  is  in  the 
ease  of  iron,  nickel,  or  cobalt  at  ordinary  temperatures. 

When  X  is  measured  from  the  centre  of  the  bar,  my  equation  becomes 

i^^RR'^^  -? ^    ' 


The  constant  part  of  Biot's  formula  is  not  the  same  as  this;  but  for  any 
given  case  it  will  give  the  same  distribution. 

Both  Biot  and  Green  have  compared  their  formulae  with  Coulomb's 
experiments,  and  found  them  to  represent  the  distribution  quite  well. 
Hence  it  will  not  be  necessary  to  consider  the  case  of  steel  magnets  very 
extensively,  though  I  will  give  a  few  results  for  these  further  on. 

•I  take  this  occasion  to  correct  an  error  in  Jenkin's  'Textbook  of  Electricity,' 
where  it  is  stated  that  by  the  introduction  of  the  iron  bar  into  the  helix,  the  nnm- 
ber  of  lines  of  force  is  increased  32  times.  The  number  should  have  been  from  a 
quite  small  number  for  a  short  thick  bar  and  hard  iron  to  nearly  6000  for  a  long: 
thin  bar  and  softest  iron. 
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St  present  let  us  take  the  case  o£  electrODiagnete, 

For  obaerving  the  effect  of  the  permeability,  I  took  two  wires  12-8 
inches  long  and  -19  inch  in  dionieter,  one  being  of  ordinary  iron  and 
lh«  other  of  Stubs'  steel  of  the  same  temper  as  when  purchased.  These 
were  wound  uniformly  from  end  to  end  with  one  layer  of  quite  fine 
wire,  making  600  turns  in  that  distance. 

In  finding  /  from  Q'^,  the  latter  was  divided  by  iKJL,  except  at  the 
end,  where  the  end-section  was  included  with  JL  in  the  proper  manner. 
X  waa  measured  from  the  end  of  the  bar  in  inches. 

The  observations  in  Table  XI  are  the  mean  of  four  observations 
ma^e  on  both  ends  of  the  bar  and  with  the  current  in  both  directions. 


TABLE  XI. 

IBOR    ELKCTROMAaNIT. 


ft^BDd. 

Ob«rved. 

Obi^r^ 

co.';'uw 

Brror. 

0 

39-6 

sa-B 

—7.3 

13 

20-9 

+  1-8 

19 

19-8 

18-9 

— 0-* 

la 

13-0 

11-7 

—    -8 

s 

e.6 

7-1 

+    -5 

3 

so 

4-0 

+    -1 

d-9 

S-9 

l.T 

—1-9 

4n-A  =  43 

The  agreement  with  the  formula  in  this  Table  is  quite  good ;  but  we 
still  observe  the  excess  of  observation  over  the  formula  at  the  end,  aa 
we  have  done  all  along.  Here,  for  the  first  time,  we  see  the  error 
introduced  by  the  method  of  experiment  which  I  have  before  referred 
to  (p.  98)  in  the  apparently  small  value  of  4.t^   at  i^  -75. 

On  trying  the  steel  bar,  I  came  across  a  curious  fact,  which,  how- 
aver.  I  have  since  found  has  been  noticed  by  others.  It  is,  that  when 
*n  iron  or  ateel  bar  has  been  magnetized  for  a  long  time  in  one  direction 
and  is  then  demagnetized,  it  is  easier  to  magnetize  it  again  in  the  same 
ilirection  than  in  the  opposite  direction.  The  rod  which  I  used  in  this 
experiment  had  been  used  as  a  permanent  magnet  for  about  a  month, 
but  wa«  demagnetized  before  use.  From  this  rod  five  eases  of  distribu- 
tion were  observed  :^firBt.,  when  the  bar  was  n^ed  as  an  electromagnet 
with  thi'   magnetization  in  tiie  same    direction  as  the  original  mag- 
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netiBin;  second,  ditto  with  magnetization  contrary  to  origind  mag- 
netism; third,  when  used  as  tf  permanent  magnet  with  magnetism  the 
fiame  as  the  original  magnetism;  fourth,  ditto  with  magnetism  oppo- 
site; and  fifth,  same  as  third,  hut  curve  taken  after  several  days.     The 
jermauent  magnetism  was  given  hy  the  current. 

The  observations  in  Tables  XI  and  XII  can  be  compared  together, 
the  quantities  being  expressed  in  the  same  unknown  arbitrary  unit 
It  is  to  he  noted  that  the  bars  in  Tables  XI  and  XIl  were  subjected  to 
the  same  magnetizing  force. 

TABLE  xn. 

Stdsb'  Stkbl. 

— --            J 

- 

OTiglDtL 

Ha«netlBm 
opp  stte  to 

Mmm-aam 

Hagnetlim 
opppalteta 

S-J»l 

Q.- 

ti*. 

Q." 

iwi. 

Q.- 

*.*. 

0,- 

4wA. 

Q.- 

12.8 
7-S 
4-8 

a-g 
s-o 

I 

t 
I* 

8 

« 
e 

29 

«2 

le 

12 
7 
8 

0 

4 

e 

8 

1 

390 

lB-4 

8-6 
6-B 
2-S 
■5 

8-0 
8-8 

13-7 
8-9 
fi-S 
3-0 
1-1 

4-8 
4-0 
2-B 

1-e 

■9 

4-6 
4-0 

a-e 

First  of  all,  from  these  Tables  and  figures  (p.  119)  we  notice  tb( 
change  in  distribution  due  to  the  quality  of  the  substance;  thus  in  Fig.  1 
we  see  that  the  curves  for  steel  are  much  more  steep  than  that  of  iron, 
and  would  thus  give  greater  values  to  r  in  the  formula — a  result  to  be 
expected.     We  also  observe  in  both  figures  the  great  change  in  distri 
jution  due  to  the  direction  of  magnetization.     In  the  case  of  the  elec- 
tromagnet this  amounts  to  little  more  than  a  change  in  scale;  but  ii 
the  permanent  magnet  there  is  a  real  change  of  form  in  the  curve.     I* 
seems  probable  that  this  change  of  form  would  be  done  away  with  bj 
ufiing  a  eufficient  magnetizing  power  or  magnetizing  by  application  0, 
lemianent  magnets;  for  it  is  probable  that  the  fall  in  the  curve  E  i 
due  to  the  magnetizing  force  having  been   sufficient  to  change  tb 
polarity  completely  at  the  centre,  but  only  partially  at  the  ende. 

On  comparing  the  distribution  on  elect romag'nets  with  that  on  pi-rmi 
nent  magnets,  we  perccivi'  that  the  curve  is  steeper  toward  th<?  end  ii 
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electromagnets  than  in  permanent  magnets.  At  first  I  thought  it 
might  be  due  to  the  direct  action  of  the  helix,  but  on  trial  found  that 
the  latter  was  almost  inappreciable.  I  do  not  at  present  know  the 
explanation  of  it. 

As  before  mentioned.  Coulomb  has  made  many  experiments  on  the 
distribution  of  magnetism  on  permanent  magnets;  and  so  I  shall  only 
consider  this  subject  briefly.  I  have  already  given  one  or  two  results 
in  Table  XII. 


S         ^         4  3         2         i  0 

Fio.  5. — Results  from  electromagnets. 

A.  Iron,  from  Table  XL 

B.  StMl,  from  Table  XII,  magnetized  same  as  originally. 

C.  Steel,  from  Table  Xll,  magnetized  opposite  to  its  original  magnetism. 


0  S  4  5  2  1  O 

Fio.  6. — Results  from  steel  permanent  magnets. 

D.  Magnetized  in  its  original  direction,  Table  XII. 

E.  Magnetized  opposite  to  its  original  direction.  Table  XII. 
Scale  four  times  that  of  Fig.  5. 


The  following  Tables  were  taken  from  two  exactly  similar  Stubs' 
steel  rods  not  hardened,  one  of  which  was  subsequently  used  in  the 
experiments  of  Table  XII.  They  were  12-8  inches  long  and  19  inch 
in  diameter. 

The  coincidence  of  these  observations  with  the  fornuila  is  very  re- 
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markable;  but  still  we  see  a  little  tendency  in  the  end  observation  to 
rise  above  the  value  given  by  the  formula. 
In  equation  (7),  and  also  from  Greenes  formula,  we  have  seen  that 

rd 
for  a  given  quality  and  temper  of  steel  p  =  -^  is  a  constant.    From 

Coulomb's  experiments  on  a  steel  bar  -176  inch  in  diameter  (whose 
quality  and  temper  is  unknown,  though  it  was  probably  hardened)  Green 
has  calculated  the  value  of  this  constant,  and  obtained  05482,  which 
was  found  from  the  French  inch  as  the  unit  of  length,  but  which  is 
constant  for  all  systems.    From  Tables  XIII  and  XTV  we  find  the  value 

TABLE  XIIL 


X. 

Observed. 

Observed. 

4irA. 

Computed. 

Error. 

0 

1-28 

2-56 

8-84 

5-12 

6-40 

46-6 

23-8 

12-6 

7-2 

2-3 

34*9 

18-6 

9-8 

5-6 

1-8 

34*26 

18-60 

9-88 

4-77 

1-41 

--6 
0 

+  -1 
--8 
—  -4 

47rA= -117<10"«»«<'^>-10'»»»*). 

TABLE  XIV. 


X. 

Observed. 

4irA. 

Observed. 

4irA. 

Computed. 

Error. 

• 

0 

1-28 
2-56 
8-84 
5-12 
6-40 

42-6 
21-4 
10-9 

5-4 

1-7 

47rX=-l 

31-9 

16-7 

8-5 

42 

1-38 

80-74 
16-72 

8-86 
4-28 
1-27 

1-2 
0 

+    -4 
+      1 
—     1 

of  r  to  be  -4674,  whence       =  -04440  for  steel  not  hardened.     As  the 

At 

steel  becomes  harder  this  quantity  increases,  and  can  probably  reach 
about  twice  this  for  vtry  hard  steel. 

To  show  the  effect  of  hardening.  I  broke  the  bar  used  in  Table  XIV 
at  the  centre,  thus  producing  two  bars  6-4  inches  long.  One  of  these 
halves  was  hardened  till  it  could  scarcely  be  scratched  by  a  file:  but  the 
other  half  was  left  unaltered.  The  following  Table  gives  the  distribu- 
tion, using  the  same  unit  as  that  of  Tables  XIII  and  XIV.  The  bars 
were  so  short  that  the  results  can  hardly  be  relied  on;  but  they  will  at 
least  suffice  to  show  the  change. 
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In  Fig.  7  I  have  attempted  to  give  the  curve  of  distribution  from 
Table  XV,  and  have  made  the  curves  coincide  with  observation  as  nearly 
as  possible,  making  a  small  allowance^  however^  for  the  errors  intro- 
duced by  the  shortness  of  the  bar.  It  is  seen  that  the  effect  of  harden- 
ing in  a  bar  of  these  dimensions  is  to  increase  the  quantity  of  magnetism^ 
but  es{>ecially  that  near  the  end.    Had  the  bar  been  very  long,  no  increase 

TABLE  XV. 


2. 

Soft  Steel,  A. 

Hard  Steel,  B. 

Q.- 

iwk. 

Qc- 

47-7 

13-9 

7-0 

2*6 

4irA. 

0 

•64 
1-28 
1-92 
8-20 

20-4 
9-8 
60 
8*8 

29-1 

15-3 

9-4 

80 

68-1 

21-7 

110 

20 

3.20 


Fio.  7. — Resalts  from  permanent  magnets. 

A.  Soft  steel. 

B.  Hard  steel. 

in  the  total  quantity  of  magnetism  would  have  taken  place;  but  the  distri- 

hUion  would  have  been  changed.    From  this  we  deduce  the  important 

fact  that  hardening  is  m^st  useful  for  short  magnets.    And  it  would  seem 

fhai  almost  the  only  use  in  hardening  magnets  at  all  is  to  concentrate  the 

^Mgnetism  and  to  redu^ce  the  weight.    Indeed  I  have  made  magnets  from 

iron  wire  whose  magnetization  at  the  central  section  was  just  as  intense 

as  in  a  steel  wire  of  the  same  size;  but  to  all  appearance  it  was  less 
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strongly  magnetized  than  the  steely  because  the  magnetism  was  more 
diffused;  and  as  the  magnetism  was  not  distributed  so  nearly  at  the  end 
as  in  the  steel,  its  magnetic  moment  and  time  of  vibration  were  less. 

It  is  for  these  reasons  that  many  makers  of  surveyors^  compasses  find 
it  unnecessary  to  harden  the  needles,  seeing  th^se  are  long  and  thin. 

We  might  deduce  all  these  facts  from  the  formulsB  on  the  assumption 
that  r  is  greater  the  harder  the  iron  or  steel. 

Having  now  considered  briefly  the  distribution  on  electromagnets 
and  steel  magnets,  and  found  that  the  f ormulaB  represent  it  in  a  general 
way,  we  may  now  use  them  for  solving  a  few  questions  that  we  desire 
to  solve,  though  only  in  an  approximate  manner. 

VI. 

M.  Jamin,  in  his  recent  experiments  on  magnetic  distribution,  has 
obtained  some  very  interesting  results,  although  I  have  shown  his 
method  to  be  very  defective.  In  his  experiments  on  iron  bars  mag- 
netized at  one  end,  he  finds  the  formula  e^  to  apply  to  long  ones  as  I 
have  done.  Now  it  might  be  argued  that  as  the  two  methods  apparently 
give  the  same  result,  they  must  be  equally  correct.  But  let  us  assume 
that  the  attraction  of  his  piece  of  soft  iron  F  varied  as  some  unknown 
power  n  of  the  surface-density  8.     Then  we  find 

F—  Ct^'-, 
which  shows  that  the  attractive  force  or  any  power  of  that  force  can 
be  represented  by  a  logarithmic  curve,  though  not  by  the  same  one. 
Hence  the  error  introduced  bv  M.  Janiin's  method  is  insidious  and  not 
easily  detected,  though  it  is  none  the  less  luirtful  and  misleading,  but 
rather  the  more  so. 

However,  his  results  with  respect  to  what  he  calls  the  normal  mag- 
net"  are  to  some  extent  independent  of  these  errors;  and  we  may  now 
consider  them. 

Thus,  in  explaining  the  effect  of  placing  hardened  steel  plates  on 
one  another,  he  says,  "  Quand  on  superpose  deux  lames  aimantees 
pareilles,  les  courbes  qui  repr^sontenl  les  valeurs  de  F  [the  attractive 
force  on  the  piece  of  soft  iron]  s'6l6vent,  parce  que  le  magnetisme  quitte 
les  faces  que  Fon  met  en  contact  pour  se  r^fugier  sur  les  parties  ex- 
t6rieures.  En  meme  temps,  les  deux  courbes  se  rapprochent  I'ujio  dc 
Fautre  et  du  milieu  de  Taimant.     Get  effet  augmente  avec  une  troisiemc^ 

»o»0n  the   Theory  of   the    Normal    Magfnets,'    Comptts    Rendm,    March    :n,   187:^, 
translated  in  Phil.  Mair.,  Jnne,  1873. 
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tame  et  avec  une  quatriSme.  Finalement  les  deux  courbeB  ae  joigneni 
aa  milieu." 

In  applying  the  fomiiila  to  this  case  of  a  compound  magnet,  we  hav>> 
only  to  remark  that  when  the  bars  lie  closely  together  they  are  theoret- 
ically the  same  as  a  solid  magnet  of  the  aanie  seetion,  but  are  practically 
found  to  be  stronger,  because  thin  bars  can  be  tempered  more  uniformly 
bard  than  thick  ones.  The  addition  of  the  bars  to  each  other  is  similar, 
then,  to  an  increase  in  the  area  of  the  rod,  and  should  produce  ucHrK 
the  same  effect  on  a  rod  of  rectangular  section  aa  the  increase  of 
diameter  in  a  rod  of  circular  section.  Now  the  quantity  7'  =  ^  ia 
nearly  constant  in  these  rods  for  the  same  quality  of  steel,  whence  r 
decreases  as  d  increases;  and  this  in  equation  (17)  shows  that  as  the 
diameter  is  increased,  the  length  being  constant,  the  curves  become 
less  and  less  &teep,  until  they  finally  become  sfraight  lines.  This  Is 
exactly  the  meaning  of  M.  Jamin's  remark. 

Where  the  ratio  of  the  diameter  to  the  length  is  small,  the  curves  of 
distribution  arc  apparenlly  separated  from  each  other  and  are  given  by 
the  equation 


which  is  not  dependent  on  the  length  of  the  rod  This  is  exactly  the 
result  found  by  Coulomb  {Biot's  Physique,  vol.  iii,  pp.  74,  75).  M. 
Jamin  has  also  remarked  this.  He  states  that  as  he  increases  the  num- 
ber of  plates  the  curves  approach  each  other  and  finally  unite;  this  he 
calls  the  "normal  magnet;"  and  he  supposes  it  to  be  the  magnet  of 
greatest  power  in  proportion  to  its  weight.  "  From  this  moment," 
sajra  he,  "the  combination  is  at  its  maximum.'"  The  normal  magnet. 
aa  thus  defined,  is  very  indefinite,  as  M.  Jamin  himself  admits. 

By  our  equations  we  can  find  the  condition  for  a  maximum,  and  can 
give  the  greatest  values  to  the  following,  supposing  the  weight  of  the 
bar  to  be  a  fixed  quantity  in  the  first  three. 

l«t.  The  magnetic  moment. 

Sfnd.  The  attractive  force  at  the  end. 

3rd.  The  total  number  of  lines  of  magnetic  force  passing  from  the 
Ur. 

4th.  The  magnetic  moment,  the  length  being  constant  and  diameter 
rariable. 

ISther  of  these  may  be  regarded  as  a  measure  of  the  power  of  the 
bar,  according  to  the  view  we  take.  The  magnetic  moment  of  a  bar  is 
•tsafly  found  to  be 
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and  if  7-  is  the  weight  of  a  unit  of  volume  of  the  steel  and  W  is  the 
weight  of  the  magnet,  we  have  finally 

^  ^        fl        1    £**'-!  \  ...^. 

^=GRvn2--^i;j:^j ^^^^ 

where6^=^  =  py^. 

This  only  attains  a  maximum  when  ^=00,   or  the  rod  is  infinitely 

long  compared  with  its  diameter. 

The  second  case  is  rather  indefinite,  seeing  it  will  depend  upon 
whether  the  body  attracted  is  large  or  small.  When  it  is  small,  we 
require  to  make  the  surface-density  a  maximum,  the  weight  being  con- 
stant.   We  find 

which  attains  a  maximum  as  before  when   ^  =  00 .     When  the  attracted 

body  is  large,  the  attraction  will  depend  more  nearly  upon  the  linear 
density, 

X  ~  —^-r-  "^  (22) 

which  is  a  maximum  when  ,=  —  — . 

a      p 

For  the  third  case  we  have  the  value  of  Q"  at  the  centre  of  the  bar 

from  equation  (6), 

The  condition  for  a  maximum  gives  in  this  case 

^>_l-65 

For  the  last  case,  in  which  the  magnetic  moment  for  a  given  length 
is  to  be  made  a  maximum,  we  find 

d~  p' 
This  last  result  is  useful  in  preparing  magnets  for  determining  the 
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intensity  of  the  earth's  magnetism,  and  shows  that  the  magnets  should 
be  made  short,  thick,  and  hard  for  the  best  effect." 

But  for  all  ordinary  purposes  the  results  for  the  second  and  third 
esses  aeem  most  important,  and  lead  to  nearly  the  same  result;  taking 
the  mean  we  find  for  the  maximum  magnet 

;=':'' my 


We  see  from  all  our  results  that  the  ratio  of  the  length  of  a 
to  its  diameter  in  all  cases  is  inversely  as  the  constant  p.  This  eon* 
slant  increases  with  the  hardness  of  the  steel;  and  hence  the  harder  the 
steel  the  shorter  we  can  make  our  magnets.  It  would  seem  from  this 
that  the  temper  of  a  steel  magnet  should  not  be  drawn  at  all,  but  the 
hardest  steel  used,  or  at  least  that  in  which  p  was  greatest.  The  only 
disadvantage  in  using  very  hard  steel  seems  to  be  the  difficulty  in 
imparting  the  magnetism  at  first;  and  this  may  have  led  to  the  practice 
of  drawing  the  temper;  but  now,  when  we  have  such  powerful  electro- 
magnets, it  seems  as  if  magnets  might  be  made  shorter,  thicker,  and 
harder  than  is  the  custom.  With  the  relative  dimensions  of  magnets 
aow  used,  however,  hardening  might  be  of  little  value. 

We  can  also  see  from  all  these  facts,  that  if  we  make  a  compound 
magnet  of  hardened  steel  plates  there  will  be  an  advantage  in  filing 
more  of  them  together,  thus  making  a  thicker  magnet  than  when  they 
arc  softer.  We  also  observe  that  as  we  pile  them  up  the  distribution 
changes  in  just  the  way  indicated  by  M.  Jarain,  the  curve  becoming 
less  and  less  steep. 

Substituting  in  the  formula  the  value  of  p  which  we  have  found  for 
Stub's  steel  not  hardened,  but  still  so  hard  as  to  rapidly  dull  a  file,  we 
find  the  best  ratio  of  length  to  diameter  to  be  33-8 — and  for  the  same 
steel  hardentid,  about  17,  though  this  last  is  only  a  rough  approxima- 
tion. This  gives  what  M.  Jamin  has  called  the  normal  magnet.  The 
ratio  should  be  less  for  a  TJ-magnet  than  for  a  straight  one. 

For  all  magnets  of  the  same  kind  of  steel  in  which  the  ratio  of 
length  to  diameter  is  constant  the  relative  distribution  is  the  same; 
and  this  is  not  only  true  for  our  approximate  formula,  but  would  be 
found  80  for  the  exact  one. 

Thus  for  the  "  normal  magnet "  the  distribution  becomes 


"  Wetwr  racommendi  ki 
itvd  T«r7  hard.     IT«;lor 


lire  bkra  ei^bt  tinieB  as  long  us  tlie;  b 
I  SclcDllfic  Memoir*,  vol.  II,  p.  86.1 
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where  C  is  a  constant,  and  x  is  measured  from  the  centre.     The  distri- 
bution will  then  be  as  follows : — 


X 

0. 
0 

•1. 

•2. 

1-37 

•8. 

•4. 

•6. 

A 

(509 

205 

802 

4-26 

This  distribution  is  not  the  same  as  that  given  by  M.  Jamin;  but  as 
his  method  is  so  defective,  and  his  "  normal  magnet "  so  indefinite,  the 
agreement  is  sufficiently  near. 

The  surface-density  at  any  point  of  a  magnet  is 


^=- « 


*7-e-*f 


8)r»>'7?  e»  J  _  e  -4' 


(25) 


X 


which,  for  the  same  kind  of  steel,  is  dependent  only  on    ^   and     .- 
Hence  in  two  similar  magnets  the  surface-density  is  the  same  at  similar 


0 


.1  .2  .A  ^4  .5 

Fig.  8. — Distribution  on  *' normal  magnet." 


points,  the  linear  density  is  proportional  to  the  linear  dimensions,  the 
surface  integral  of  magnetic  induction  over  half  the  magnet  or  across 
the  section  is  proportional  to  the  surface  dimensions  of  the  magnets, 
and  the  magnetic  moments  to  the  volumes  of  the  magnets.  The  forces 
at  similar  points  with  regard  to  the  two  magnets  will  then  be  the  same. 
All  these  remarks  apply  to  soft  iron  under  induction,  provided  the 
inducing  force  is  the  same — and  hence  include  Sir  William  Thomson's 
well-known  law  with  regard  to  similar  electromagnets;  and  i\uy  art 
accurately  true  notwitlistanding  the  approximate  nature  of  the  formula 
from  which  they  have  here  beeti  deduced. 

Our  theory  gives  us  the  means  of  determining  what  effect  the  boring 
of  a  hole  through  the  centre  of  a  magnet  would  have.     In  this  case  R' 
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is  not  much  affected,  but  R  is  increased.  Where  the  magnet  is  used 
merely  to  affect  a  compass-needle,  we  should  then  see  that  the  hole 
through  the  centre  has  little  effect  where  the  magnet  is  short  and  thick ; 
but  where  it  is  long,  the  attraction  on  the  compass-needle  is  ntuch  dimin- 
ished. Where  the  magnet  is  of  the  U-form,  and  is  to  be  used  for 
sustaining  weights,  the  practice  is  detrimental,  and  the  sustaining-power 
i^  diminished  in  the  same  proportion  as  the  sectional  area  of  the  magnet. 
The  only  case  that  I  know  of  where  the  hole  through  the  centre  is  an 
advantage,  is  that  of  the  deflecting  magnets  for  determining  the  inten- 
sity of  the  earth's  magnetism,  which  may  be  thus  made  lighter  without 
much  diminishing  their  magnetic  moment. 

In  conclusion,  let  me  express  my  regret  at  the  imperfection  of  the 
theory  given  in  this  paper;  for  although  the  equations  are  more  general 
than  any  yet  given,  yet  still  they  rest  upon  two  quite  incorrect  hypoth- 
eses; and  so,  although  we  have  found  these  formulae  of  great  use  in 
pursuing  our  studies  on  magnetic  distribution,  yet  much  remains  to  be 
done.  A  nearer  approximation  to  the  true  distribution  could  readily 
be  obtained;  but  the  result  would,  without  doubt,  be  very  complicated, 
and  would  not  repay  us  for  the  trouble. 

In  this  paper,  as  well  as  in  all  others  which  I  have  published  on  the 
subject  of  magnetism,  my  object  has  not  only  been  to  bring  forth  new 
results,  but  also  to  illustrate  Faraday's  method  of  lines  of  magnetic 
force,  and  to  show  how  readily  calculations  can  be  made  on  this  system. 
For  this  reason  many  points  have  been  developed  at  greater  length  than 
would  otherwise  be  desirable. 


The  esperimentB  described  in  this  paper  were  made  with  a  view  of 
determining  whether  or  not  an  electrified  body  in  motion  prodncM 
magnetic  effects.  There  seems  to  be  no  theoretical  gronnd  upon  which 
we  can  settle  the  question,  seeing  that  the  magnetic  action  of  a  con- 
ducted electric  current  may  be  ascribed  to  some  mutual  action  betweett 
the  conductor  and  the  current.  Hence  an  experiment  is  of  value.  Pro- 
fessor Maxwell,  in  his  '  Treatise  on  Electricity,'  Art.  770,  has  computed 
the  magnetic  action  of  a  moving  electrified  surface,  but  that  the  actioa 
exists  has  not  yet  been  proved  experimentally  or  theoretically. 

The  apparatus  employed  consisted  of  a  vulcanite  disc  31  1  centi- 
metres in  diameter  and  -6  centimetre  thick  which  could  be  made  t 
revolve  around  a  vertical  asia  with  a  velocity  of  61-  turns  per  second. 
On  either  side  of  the  disc  at  a  distance  of  -C  cm.  were  fixed  glass  plate 
having  a  diameter  of  38-9  em,  and  a  hole  in  the  centre  of  7-8  cm,  Th.t 
vulcanite  disc  was  gilded  on  both  sides  and  the  glass  plates  had  u 
annular  ring  of  gilt  on  one  side,  the  outside  and  inside  diameters  bein; 
24-0  cm.  and  8-9  cm.  respectively.  The  gilt  sides  could  be  turn© 
toward  or  from  the  revolving  disc  but  were  usually  turned  toward  it  a 
that  the  problem  might  be  calculated  more  readily  and  there  should 
be  no  uncertainty  as  to  the  electrification.  The  outside  plates  wert 
usually  connected  with  the  earth;  and  the  inside  disc  with  an  electriH 
battery,  by  means  of  a  point  which  approached  within  one-third  of  ' 
millimetre  of  the  edge  and  turned  toward  it.  As  the  edge  was  broad 
the  point  would  not  discharge  unless  there  was  a  difference  of  potentii 
between  it  and  the  edge.     Between  the  electric  battery  and  the  6 


<  Th«  experimenta  described  were  mads  In  tbe  Uborator}'  ot  th«  Berlin  Vnlvetw 
through  the  klodueis  of  Profeasor  Belmboltz,  to  wboie  advice  Ihey  are  greatlj 
debted  for  their  completeneag.  The  Idea  at  tbe  BEperlmenl  Qrst  OFcarred  to  10' 
1S6S  and  waa  recorded  Id  a  note  book  of  that  dutc. 
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a  cotiimututor  was  placed,  eo  that  the  potential  of  the  latter  could  be 
made  plus  or  minus  at  will.  All  parts  of  the  apparatus  were  of  non- 
magnetic material. 

Over  the  surface  of  the  disc  wae  suBpeuded,  from  a  bracket  in  the 
wall,  an  extremely  delicate  astatic  needle,  protected  from  electric 
action  and  currents  of  air  by  a  brass  tube.  The  two  needles  were  1-5 
cm.  long  and  their  centres  17-98  cm.  distant  from  each  other.  The 
readings  were  by  a  telescope  and  scale.  The  opening  in  the  tube  for 
observing  the  mirror  was  protected  from  electrical  action  by  a  metallic 
cone,  the  mirror  being  at  its  vertex.  So  perfpctly  was  this  accom- 
plished that  no  effect  of  electrical  action  was  apparent  either  on  charg- 
ing the  battery  or  reversing  the  electrification  of  the  disc.  The  needles 
were  so  tar  apart  that  any  action  of  the  disc  would  be  many  fold  greater 
on  the  lower  needle  than  the  upper.  The  direction  of  the  needles  was 
that  of  the  motion  of  the  disc  directly  below  them,  that  is,  perpendicular 
to  the  radius  drawn  from  the  axis  to  the  needle.  As  the  support  of 
the  needle  was  the  wall  of  the  laboratory  and  the  revolving  disc  was  on  a 
table  beneath  it,  the  needle  was  reasonably  free  from  vibration. 

In  the  iirst  experiments  with  this  apparatus  no  effect  was  observed 
other  than  a  constant  deflection  which  was  reversed  with  the  direction 
of  the  motion.  This  was  finally  traced  to  the  magnetism  of  rotation 
of  the  axis  and  was  afterward  greatly  reduced  by  turning  down  the 
axis  to  -9  cm.  diameter.  On  now  rendering  the  needle  more  sensitive 
and  taking  several  other  precautions  a  distinct  effect  was  observed  of 
Bfiveral  millimetres  on  reversing  the  electrification  and  it  was  separated 
from  the  effect  of  magnetism  of  rotation  by  keeping  the  motion  con- 
stant and  reversing  the  electrification.  As  the  effect  of  the  magnetism 
of  rotation  was  several  times  that  of  the  moving  electricity,  and  the 
needle  was  so  extremely  sensitive,  numerical  results  were  extremely 
hard  to  be  obtained,  and  it  is  only  after  weeks  of  trial  that  reasonably 
accurate  results  have  been  obtained.  But  the  qualitative  effect,  after 
once  being  obtained,  never  failed.  In  hundreds  of  observations  extend- 
ing over  many  weeks,  the  needle  always  answered  to  a  change  of  electri- 
fication of  the  disc.  Also  on  raising  the  potential  above  zero  the  action 
WHS  the  reverse  of  that  when  it  was  lowered  below.  The  swing  of  the 
needle  on  reversing  the  electrification  was  about  10-  or  15'  millimetres 
and  therefore  the  point  of  equilibrium  was  altered  5  or  7J  millunetres. 
This  quantity  varied  with  the  electrification,  the  velocity  of  motion, 
the  sensitiveness  of  the  needle,  etc. 
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The  direction  of  the  action  may  be  thus  defined.  Calling  the  motii 
of  the  disc  +  when  it  moved  like  the  hands  of  a  watch  laid  on  thi 
table  with  its  face  up,  we  have  the  following,  the  needles  being  over; 
one  side  of  the  disc  with  the  north  pole  pointing  in  the  direction  of' 
positive  motion.  The  motion  being  -f-i  oD  eleetrifying  the  disc  +  thel 
north  pole  moved  toward  the  axis,  and  on  changing  the  electrification, 
the  north  pole  moved  away  from  the  &xh.  With  —motion  and  + 
electrification,  the  north  pole  moved  away  from  the  axis,  and  with  — 
electrification,  it  moved  toward  the  axis.  The  direction  is  therefore 
that  in  which  we  should  expect  it  to  be. 

To  prevent  any  suspicion  of  currents  in  the  gOded  surfaces,  the 
latter,  in  many  experiments,  were  divided  into  small  portions  by  radial 
scratches,  so  that  no  tangential  currents  could  take  place  without  suffi- 
cient difference  of  potential  to  produce  sparks,  But  to  be  perfectly 
certain,  the  gilded  disc  was  replaced  by  a  plane  thin  glass  plate  which 
could  be  electrified  by  points  on  one  side,  a  gilder  induction  plate  at 
zero  potential  being  on  the  other.  With  this  arrangement,  effects  in 
the  same  direction  as  before  were  obtained,  but  smaller  in  quantity, 
seeing  that  only  one  side  of  the  plate  could  bo  electrified. 

The  inductor  plates  were  now  removed,  leaving  the  disc  perfectly 
free,  and  the  latter  was  once  more  gilded  with  a  continuous  gold  sur- 
face, having  only  an  opening  around  the  axis  of  3-5  cm.  The  gilding  of 
the  disc  was  connected  with  the  axis  and  eo  was  at  a  potential  of  zero. 
On  one  side  of  the  plate,  two  small  inductors  formed  of  pieces  of  tin- 
foil on  glass  plates,  were  supported,  having  the  disc  between  them.  On 
electrifying  these,  the  disc  at  the  points  opposite  them  was  electrified 
by  induction  but  there  could  be  no  electrification  except  at  points  near 
the  inductors.  On  now  revolving  the  disc,  if  the  inductors  were  very 
small,  the  electricity  would  remain  nearly  at  rest  and  the  plate 
would  as  it  were  revolve  through  it.  Hence  in  this  case  we  should 
have  conduction  without  motion  of  electricity,  while  in  the  first  experi- 
ment we  had  motion  without  conduction.  I  have  used  the  term 
"  nearly  at  rest  "  in  the  above,  for  the  following  reasons.  As  the  disc 
revolves  the  electricity  is  being  conatajitly  conducted  in  the  plate  so  as 
to  retain  its  position.  Now  the  function  which  expresses  the  potential 
producing  these  currents  and  its  differential  coefficients  must  be  con- 
tinuous throughout  the  disc,  and  so  these  currents  must  pervade  the 
whole  disc. 
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To  calculate  these  currents  we  have  two  ways.  Either  we  can  con- 
sider the  electricity  at  rest  and  the  motion  of  the  disc  through  it  to 
produce  an  electromotive  force  in  the  direction  of  motion  and  propor- 
tional to  the  velocity  of  motion,  to  the  electrification,  and  to  the  surface 
resistance;  or,  as  Professor  Helmholiz  has  suggested,  we  can  consider 
the  electricity  to  move  with  the  disc  and  as  it  comes  to  the  edge  of  the 
inductor  to  be  set  free  to  return  by  conduction  currents  to  the  other 
edge  of  the  inductor  so  as  to  supply  the  loss  there.  The  prohlem  is 
capable  of  solution  in  the  case  of  a  disc  without  a  hole  in  the  centre  but 
the  results  are  too  complicated  to  be  of  much  use.  Hence  scratches 
were  made  on  the  disc  in  concentric  circles  about  -6  cm.  apart  by  which 
the  radial  component  of  the  currents  was  destroyed  and  the  prohlem 
became  easily  calculable. 

Kor,  let  the  inductor  cover  -th  part  of  the  circumference  of  any 
one  of  the  conducting  circles;  then,  if  C  is  a  constant,  the  current  in 
the  circle  outside  the  inductor  will  be  +-,  and  inside  the  area  of  the 
inductor  —  p(".— ^J_  Qd  the  latter  is  superposed  the  convection  cur- 
rent equal  to  -{-C.    Hence  the  motion  of  electricity  throughout  the 

whole  circle  is  -  what  it  would  have  been  had  the  inductor  covered  the 
» 

whole  circle. 

In  one  experiment  n  was  about  8.  By  comparison  with  the  other 
experiments  we  know  that  had  electric  conduction  alone  produced  effect 
we  should  have  observed  at  the  telescope  —  5-  mm.  Had  electric  con- 
vection alone  produced  magnetic  effect  we  should  have  had  -f-  5-7  mm. 
jVnd  if  they  both  had  effect  it  would  have  been  +  -7  mm.,  which  is  prac- 
tically zero  in  the  presence  of  so  majiy  disturbing  causes.  No  effect 
waa  discovered,  or  at  least  no  certain  effect,  though  every  care  was  used. 
Hence  we  may  conclude  with  reasonable  certainty  that  electricity  pro- 
duces nearly  if  not  quite  the  same  magnetic  effect  in  the  case  of  con- 
vection as  of  conduction,  provided  the  same  quantity  of  electricity 
psesee  a  given  point  in  the  convection  stream  as  in  the  conduction 

I  stream. 

The  currents  in  the  disc  were  actually  detected  by  using  inductors 

'  covering  half  the  plate  and  placing  the  needle  over  the  uncovered  por- 
tion; but  the  effect  was  too  small  to  be  measured  accurately.     To  prove 
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this  more  thoroughly  numerical  restdts  were  attempted,  and,  after 
weeks  of  labor,  obtained.  I  give  below  the  last  results  which,  from 
the  precautions  taken  and  the  increase  of  experience,  have  the  greatest 
weight. 

The  magnetizing  force  of  the  disc  was  obtained  from  the  deflection 
of  the  astatic  needle  as  follows.  Turning  the  two  needles  with  poles 
in  the  same  direction  and  observing  the  number  k  of  vibrations,  and 
then  turning  them  opposite  and  finding  the  number  n'  of  vibrations  in 
that  position,  we  shall  find,  when  the  lower  needle  is  the  strongest, 


(1) 


where  .V  and  X  are  the  forces  on  the  upper  and  lower  needle  n- 
speotively,  d  the  deflection,  D  the  distance  of  the  scale  and  H  tht 
horizontal  component  of  the  earth's  magnetism.  As  X'  and  n'  are  very 
small  the  first  term  is  nearly  X  —  A''.  The  torsion  of  the  silk  fibre  m 
too  small  to  affect  the  result,  or  at  least  was  almost  eliminated  by  tl« 
method  of  experiment. 

The  electricity  was  in  the  first  experiment  distributed  nearly  nni- 
formly  over  the  disc  with  the  exception  of  the  opening  in  the  centre 
and  the  excess  of  distribution  on  the  edge.     The  surface  density 
either  side  was 


~Zr.iB~  ,i)  ' 


F  —  V  being  the  difference  of  potential  between  the  disc  and 
outside  plates,  jJ  the  thickness  of  the  disc  and  B  the  whole  difil 
apart  of  the  outside  plates.     The  e.xcess  on  the  edge  was  (Maxwell' 
Electricity,  Art.  196,  Eq.  18), 


2(r-r') 


BC 

^iB-.i) 


log,  1 2  cos 


where  C  is  the  radius  of  the  disc. 

We  may  calculate  the  magnetic  effect  on  the  supposition  that,  ■ 
the  conducted  current,  the  magnetizing  force  dae  to  asy  elei 
surface  is   proportional   to   the   quantity   of   electricity   pas^ng  ' 
element  in  a  unit  of  time.     The  magnetic  effect  due  to  the  i 
distribution  has  the  greatest  effect.     With  an  error  of  only  a  t 
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fraction  of  a  per  cent,  we  may  consider  the  two  sides  of  the  disc  to 
coincide  in  the  centre.  Taking  the  origin  of  coordinates  at  the  point 
of  the  disc  under  the  needle  and  the  centre  of  the  disc  on  the  axis  of  X 
we  find  for  both  sides  of  the  disc,  the  radial  component  of  the  force 
parallel  to  the  disc. 


X= 


%KNm 


X^-*     i^'  {h^x)dxdy 


2fe* 


▼here  a  is  the  distance  of  the  needle  from  the  disc  and  h  that  from 
the  axis;  N  is  the  number  of  revolutions  of  the  disc  per  second  and 
5=28,800,000,000  centimetres  per  second  according  to  Maxwell's  de- 
termination. The  above  integral  can  be  obtained  exactly  by  elliptic 
integrals,  but  as  it  introduces  a  great  variety  of  complete  and  incom- 
plete elliptic  integrals  of  all  three  orders,  we  shall  do  best  by  expanding 
18  follows: 


X=:i^P  =  i!^(J»  + J,  +  J.  +  &c.),     ...    (4) 


V 


^1 


=  2}( 


arc  tan 


C-J 


a 


+  arc  tan 


±i)  -.log 


i,=  -^((.  +  *)log.^-20), 

^,  =  j^{  -4C7«  +  (38^  +  2sb  +  a»)  log.  -^ 


there 


+  Us'  +  3«»*  +  a»(j?  +  b)]  ^1  &c.,  &c., 


^  =  -^'"^^^~^  ,    Jf=a«  +  (C  +  J)»,    N=a*  +  (C-b)\ 

From  this  must  be  subtracted  the  effect  of  the  opening  in  the  centre, 

%  which  the  same  formula  will  apply. 
The  magnetic  action  of  the  excess  at  the  edge  may  be  calculated  on 
le  supposition  that  that  excess  is  concentrated  in  a  circle  of  a  little 
aaller  diameter,  C,  than  the  disc ;  therefore, 


X,= 


2^E      ak 
V    %b^C 


biCT^^*^-''^'  ■  •  •  ^'^ 
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where  k==        ^^^£'J-         and  f(f-)  and  E{k)  are  coiopk-te  elliptic 

integrals  of  the  second  and  first  orders  respectively. 

The  determination  of  the  potential  was  by  means  of  the  spark  which 
Thomson  has  experimented  on  in  absolute  measure.  For  epatks  of 
length  I  between  two  surfaces  nearly  plane,  we  have  on  the  centimetre, 
gram,  second  Bystem,  trora  Thomson's  experiments, 

F-  r'  =  117'5(i  +  .0136), 

and  for  two  balls  of  finite  radius,  we  find,  by  considering  the  distribi 
tion  on  the  two  sheets  of  an  hyperboloid  of  revolution. 


where  r  is  the  ratio  of  the  length  of  spark  to  diameter  of  balk  and  had 
in  these  experiments  a  value  of  about  8.     In  this  case 


V~  r  =  109-6  (i  + -0135). 


A  battery  of  nine  large  jurs,  each  48-  cm.  high,  contained  the  store 
of  electricity  supplied  to  the  disc,  and  the  difference  of  potential  wi 
determined  before  and  after  the  experiment  by  charging  a  small  jar 
testing  its  length  of  spark.     Two  determinations  were  made  before  an( 
two  after  each  experiment,  and  the  mean  taken  as  representing  tl 
potential  during  the  experiment. 

The  velocity  of  the  disc  was  kept  constant  by  observing  a  govemt 
The  number  of  revolutions  was  the  same,  nearly,  as  determined  by  tl 
sizes  of  the  pulleys  or  the  sound  of  a  Seebeck  siren  attached  to  tlw 
axis  of  the  disc;  the  secret  of  this  agreement  was  that  the  driving  coi 
were  well  supplied  with  rosin.  The  number  of  revolutions  was  61-  \ 
second. 

In  such  a  delicate  experiment,  the  disturbing  causes,  such  as  t 
changes  of  the  earth's  magnetism,  the  changing  temperature  of  t 
room,  &c.,  were  so  numerous  that  only  on  few  days  could  numerit 
results  be  obtained,  and  even  then  the  accuracy  could  not  be  greal 
The  centimetre,  gram,  second  system,  was  used. 

First  Series.     a  =  2-05,  6  =  9-08,   n  = -GSIT,  ZJ  =  110-,   H—  I 
nearly,  B=l-G8,   ;3  =  -50,  C  =  10-55,  N  —  Ql;  r  =  38,8O0,0O0,( 
»'=-0533,  C"=10. 
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Direction  of 
motion. 

Bleotrlflca- 
tlon  of  diflo. 

Scale  readioflr 
in  mm. 

Deflection  on 

reveninar 

electriflcat^n 

in  mm. 

Len^hof 
spark. 

1 

99- 

+ 

+ 

107-5 
101-5 

7-35 

•395 

68-5 

^^^^ 

+ 

76-5 
680 

8-35 

•390 

+ 

97- 

+ 

+ 

91-5 
100- 

7-00 

•383 

+ 

59- 

+ 
+ 

65-5 
58-5 

6-75 

•365 

93-5 

+ 

— 

85- 

6-75 

•390 

+ 

91-0 

+ 

53-5 

1 

— 
+ 

57-5 
51-5 

5-50 

•385 

+ 

83-0 

+ 

+ 

760 
81-7 

5-85 

-385 

+ 

86-5 

.^_ 

— 

480 

6-50 

•375 

-- 

+ 

36-5 
680 

"*" 

+ 

«10 
68-0 

700 

-290 

1 

+ 

27-5 

— 

3a-5 

6-50 

•288 

—      — 

+      i 

26-5 

Mean  values. 

1 
1 

1 

6-735 

•2845 

Hence 


J  =  '.^  =  -337  and  I  =  -2845 . 


From  equation  (1), 


X--99T'  = 


305700- 
Bv  calculation  from  the  electrification  we  find 


=  •00000327. 
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X--99X'=: 


=  •00000337. 


296800- 

The  eflEect  on  the  upper  needle^  X\  was  about  -^  of  that  on  the 
lower  X. 

Second  Series,  Everything  the  same  as  before  except  the  following 
6  =  7-65,  n'= -0526. 


Direction  of 
motion. 

Bleotrlfloar 
tionof  diso. 

Scale  reading 
in  mm« 

Deflection  on 

reversing 

electriflcat^n 

in  mm. 

Length  of 
spark. 

+ 

+ 
+ 

172-5 
165-5 
172-5 

7-0 

-800 

— 

+ 
+ 

120  0 
127-5 
121-5 
1290 

7-5 

•295 

+ 

+ 
+ 

168-5 
170-5 
168  0 
170-5 

7-25 

•297 

— 

+ 
+ 

118-0 
127-0 
120- 0 
127-5 

8-25 

•270 

Mean  values. 

7-50 

•2955 

J  =  -375,    I  =  '2955. 

Hence  for  this  case  we  have  from  equation  (1), 

1 


X--99X'  = 

And  from  the  electrification, 

X  -  •99X'  = 


315000' 


1 
286000' 


=•00000317. 


=  -00000349 . 


Third  Series,    Everything  the  same  as  in  the  first  series,  except 
I  =  8-1,  n'  =  0521,  D  =  114. 
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Dlreotlonof 
motton. 

Eleotolfloft- 
tfoncxf  dlM. 

SoatoTCttdliiff 
to  mm. 

J>gfleetlonon 
elMtem€iil*n 

Lracthof 
ipuk. 

— 

+ 
+ 

151-0 
158-5 
151-0 

7.60 

-987 

+ 

+ 
+ 

lM-0 
185-5 
108 -.5 

7-86 

-909. 

— 

+ 
+ 

157-5 
148-5 
157-5 
150-0 

8-85 

•906 

+ 

+ 
+ 

186-0 
109-5 
185-5 
108-5 

7-75 

-809 

— 

+ 

151-0 
148-5 
150-5 

7-85 

-987 

Mtan  Tftlnet. 

7-00                -9096 

•  • 


J  =  '380,    )  =  '2926. 
For  this  case  from  equation  (1) 

and  from  the  electrification 

1 


X='99X'= 


=  -00000355. 


281500* 

The  error  amoonts  to  d,  10  and  4  per  cent  respectiYely  in  the  three 
series.  Had  we  taken  Weber^s  value  of  v  the  agreement  would  have 
been  still  nearer.  Considering  the  difficulty  of  the  experiment  and 
the  many  sources  of  error^  we  may  consider  the  agreement  very  satis- 
factory. The  force  measured  is^  we  observe^  about  ^otoo  of  the  hori- 
zontal force  of  the  earth's  magnetism. 

The  diflEerence  of  readings  with  +  and  —  motion  is  due  to  the 
magnetism  of  rotation  of  the  brass  axis.  This  action  is  eliminated 
from  the  result. 

It  will  be  observed  that  this  method  gives  a  determination  of  v,  the 
ratio  of  the  electromagnetic  to  the  electrostatic  system  of  units^  and  if 
carried  out  on  a  large  scale  with  perfect  instruments  might  give  good 
results.  The  value  t;  =  300,000,000-  metres  per  second  satisfies  the 
first  and  last  series  of  the  experiments  the  best. 

Berlin,  FOtruary  15,  1876. 
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NOTE  ON  THE  MAGNETIC  EFFECT  OF  ELECTRIC 

CONVECTION 

[Philoiophical  Magazine  [5],  VII,  442,  448,  1879] 

Johns  Hopkins  University,  Baltimoke,  April  8,  1878. 

To  the  Editors  of  the  Philosophical  Magazine  and  Journal. 

Gentlemen  : — Some  three  years  since,  while  in  Berlin,  I  made  some 
experiments  on  the  magnetic  effect  of  electric  convection,  which  have 
since  been  published  in  the  ^  American  Journal  of  Science '  for  Jan- 
uary, 1878.  But  previous  to  that,  in  1876,  Professor  Helmholtz  had 
presented  to  the  Berlin  Academy  an  abstract  of  my  paper,  which  has 
been  widely  translated  into  many  languages.  But,  although  Helm- 
holtz distinctly  says,  "Ich  bemerke  dabei,  das  derselbe  den  Plan  fUr 
seine  (Eowland's)  Versuche  schon  gefasst  und  vollstandig  iiberlegt 
hatte,  als  er  in  Berlin  ankam,  ohne  vorausgehende  Einwirkung  von 
meiner  Seite,*^  yet  nevertheless  I  now  find  that  the  experiment  is  being 
constantly  referred  to  as  Helmholtz's  experiment — and  that  if  I  get 
any  credit  for  it  whatever,  it  is  merely  in  the  way  of  carrying  out 
Helmholtz's  ideas,  instead  of  all  the  credit  for  ideas,  design  of  appar- 
atus, the  carrying  out  of  the  experiment,  the  calculation  of  results,  and 
everything  which  gives  the  experiment  its  value. 

Unfortunately  for  me,  Helmholtz  had  already  experimented  on  the 
subject  with  negative  results;  and  I  found,  in  travelling  through  Ger- 
many that  others  had  done  the  same.  The  idea  occurred  in  nearly 
the  same  form  to  me  eleven  years  ago;  but  as  I  recognized  that  the 
experiment  would  be  an  extremely  delicate  one,  I  did  not  attempt  it 
until  I  could  have  every  facility,  which  Helmholtz  kindly  gave  me. 

Helmholtz  kindly  suggested  a  more  simple  form  of  commutator  than 
I  was  about  to  use,  and  also  that  I  should  extend  ray  experiments  so 
as  to  include  an  uncoated  glass  disk  as  well  as  my  gilded  vulcanite 
ones;  but  all  else  I  claim  as  my  own, — the  method  of  experiment  in  all 
its  details,  the  laboratory  worJc,  the  method  of  calculation — indeed  every- 
thing connected  with  the  experiment  in  any  way,  as  completely  as  if  it  had 
been  carried  ovt  in  my  own  laboratory  JfOOO  miles  from  the  Berlin  hbor- 
atory.  Yours  truly,  H.  A.  Rowland. 


XOTE  OX  THE  THEORY  OF  ELECTRIC  ABSORPTION 

lAmeriran  Journal  of  Mal/umatiai,  1,  ftH-oS,  1»78| 

In  fsperimenling  with  Lejden  jars,  telegraph  cables  and  condeuBcrs 
of  other  forms  in  which  there  is  a  solid  dielectric,  we  observe  that  after 
complete  discharge  a  portion  of  the  charge  reappears  and  forms  what 
is  known  as  the  residual  charge.  This  has  generally  been  explained 
by  supposing  that  a  portion  of  the  charge  was  conducted  below  the 
Borface  of  the  dielectric,  and  that  this  was  afterwards  conducted  back 
again  to  its  former  position.  But  from  the  ordinary  mathematical 
theorj'  of  the  subject,  no  such  consequence  can  be  deduced,  and  we 
must  conclude  that  this  explanation  is  false.  Maxwell,  in  his  'Treu- 
lise  on  Electricity  and  Magnetism,'  vol.  2,  chap  X,  has  shown  that  a 
BubBtauce  composed  of  layers  of  different  substances  can  have  this 
property.  But  the  theorj'  of  the  whole  subj'ect  does  not  yet  seem  to 
have  been  given. 

Indeed,  the  general  theory  woidd  involve  us  in  very  complicated 
mathematics,  and  our  equations  would  have  to  apply  to  non-homo- 
geneous, crystalline  bodies  in  which  Ohm's  law  was  departed  from  and 
the  specific  inductive  capacity  was  not  constant;  we  should,  moreover, 
have  to  take  account  of  thermo-electric  currents,  electrolysis,  and 
electro-magnetic  induction.  Hence  in  this  paper  I  do  not  propose  to 
do  more  than  to  slightly  extend  the  subject  beyond  its  present  state 
and  to  give  the  general  method  of  still  further  extending  it. 

Let  us  at  first,  then,  take  the  case  of  an  isotropic  body  in  general,  in 
which  thermo-electric  cnrrents  and  electrolysis  do  not  exist,  and  on 
and  in  which  the  chauges  of  currents  are  so  slow  that  we  can  omit 
electro-magnetic  induction.     The  equations  then  become' 
d  f    dP\ 


4(^aF)^ 


*' 


<IV\  , 


X»l 


:0, 


a,J  -  iff  [ 

in  which  }(  is  the  specific  inductive  capacity  of  the  substance,  k 
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electric  conductivity,  Y  the  potential,  p  the  volume  density  of  the  elec- 
tricity, and  i  the  time. 
The  snbtraction  of  one  equation  from  the  other  gives 


^^^('»^f)-jy^;^'»^|) 


To  introduce  the  condition  that  there  shall  be  no  electric  absorption, 
we  must  observe  that  when  that  phenomenon  exists,  a  charge  of  elec- 
tricity appears  at  a  point  where  there  was  no  charge  before;  in  other 
words,  the  relative  distribution  has  been  changed.  Hence,  if  the  rela- 
tive distribution  remains  the  same,  no  electric  absorption  can  take 
place.    Our  condition  is,  then, 

P 

where  c  is  independent  of  i,  and  ft  and  //'  are  the  densities  at  the  points 
Xy  y,  2,  and  oiy  xf  t!.    This  gives 

d 


dt 

1      do 


(log  ^)  =  0, 


where  c  is  a  function  of  i  only  and  not  of  x,  y,  z,  and  p^  is  the  value  of  f 
at  the  time  ^  =  0.     As  we  have 

1    dVdm^dV^I^^^  Jc\  ,  dV  d  A._  k\  .  dV  d  /,_  k 
m   dn  dn       dx    dx 


('-f)^t-^(-f)^i-r^(>-}: 


Jc 
where  m=  -  and  n  is  a  line  in  the  direction  of  the  current  at  the  given 

point,  equation  (1)  becomes 

1    dV  dm  1     dp  ^  ^7:p  __  ^ 

m    dn    dn      ~Tc    ^T      ~x.  ^ 

From  equation  (2) 

—frdt 
P  =  P^^       •     , 

and  hence 

m    dn    dn  \V        /  )'~' 

If  we  denote  the  strength  of  current  at  the  point  by  S,  we  have 
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an 
and 


1  drn_       p,    /r.  ,ox 

z. 
this  equation  (3)  gives  the  value  of   -  =m  at  all  points  of  the  body 

and  at  all  times  so  that  the  phenomenon  of  electric  absorption  shall  not 
take  place.  As  this  equation  makes  m  a  function  of  x,  y,  z,  S  and  t, 
the  relation  in  general  is  entirely  too  complicated  to  ever  apply  to 
physical  phenomena,  without  some  limitation.  Firstly  then,  as  c  is  only 
an  arbitrary  function  of  t,  we  shall  assume  that  it  is  constant; 

. 1  dm^^PoT^ (4) 


cm  —  4rtw*  dn  iS 

The  most  important  case  is  where  m  is  a  constant.    Then 

dm  _Q 

and 

e  =  ^itm ,     8  =  flie-**,     p  =  /Joe"*'. 

In  this  case^  therefore,  we  see  that  both  the  electrification  and  the 
currents  die  away  at  the  rate  c.  The  case  where  Ohm^s  law  is  true  and 
the  specific  inductive  capacity  is  constant  is  included  in  this  case,  seeing 
th&t  when  h  and  j[  are  both  constants  their  ratio,  m,  is  constant.  But 
it  also  includes  the  cases  where  Jc  and  x  ^^^  ^^th  the  same  functions  of 
y,  8,  or  Xy  y,  z,  seeing  that  their  ratio,  m,  would  be  constant  in  this 
case  also. 

When  m  is  not  constant,  the  chances  are  very  small  against  its  satis- 
^g  equation  (4). 

Bence,  we  may  in  general  conclude^  that  electric  absorption  will  almost 
certainly  take  place  unless  the  ratio  of  conductivity  to  the  specific  inductive 
capacity  is  constant  throughout  the  body. 

This  ratio,  m,  may  become  a  variable  in  several  maimers,  as  follows : 

1st  manner. — The  body  may  not  be  homogeneous.  This  includes  the 
case,  which  Maxwell  has  given,  where  the  dielectric  was  composed  of 
layers  of  different  substances. 

^  manner. — The  body  may  not  obey  Ohm^s  law;  in  this  case  h  would 
be  variable. 

Sd  manner.    The  specific  inductive  capacity,  ;f,  may  vary  with  the 
electric  force. 
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It  is  to  be  noted  that  the  cases  of  electric  absorption  which  we 
observe  are  mostly  those  of  condensers  formed  of  two  planes,  or  of  one 
cylinder  inside  another,  as  in  a  telegraph  cable.  Our  theory  shows 
that  different  explanations  can  be  given  of  these  two  cases. 

The  case  of  parallel  plates  does  not  admit  of  being  explained,  except 
on  the  supposition  that  m  varies  in  the  first  manner  above  given,  or  in 
this  manner  in  combination  with  the  others,  for  we  can  only  conceive 
of  the  conductivity  and  the  specific  inductive  capacity  as  being  func- 
tions of  the  ordinate  or  of  the  electric  force.  As  the  latter  is  constant 
for  all  points  between  the  plates,  m  would  still  be  constant  although  it 
were  a  function  of  the  electric  force,  and  thus  electric  absorption  would 
not  take  place. 

We  may  then  conclude  that  in  the  case  of  parallel  plates,  omitting 
explanations  based  on  electrolysis  or  thermo-electric  currents,  the  only 
explanation  that  we  can  give  at  present  is  that  which  depends  on  the 
non-homogeneity  of  the  body,  and  is  the  case  which  Maxwell  has  given 
in  the  form  of  two  different  materials.  Our  equations  show  that  the 
form  of  layers  is  not  necessary,  but  that  any  departure  from  homo- 
geneity is  sufficient.  It  is  to  be  noted  that  the  homogeneity,  which  we 
speak  of,  is  electrical  homogeneity,  and  that  a  mass  of  crystals  with 
their  axes  in  different  directions  would  evidently  not  be  electrically 
homogeneous  and  would  thus  possess  the  properi;y  in  question.  In  the 
case  of  glass  it  is  very  possible  that  this  may  be  the  case  and  it  would 
certainly  be  so  for  ice  or  any  other  crystalline  substance  which  had 
been  melted  and  cooled. 

In  the  case  of  hard  India  rubber,  the  black  color  is  due  to  the  particles 
of  carbon,  and  as  other  materials  are  incorporated  into  it  during  the 
process  of  manufacture,  it  is  certainly  not  electrically  homotreneous. 

As  to  the  ordinary  explanation  that  the  electricity  penetrates  a  little 
below  the  surface  and  then  reappears  again  to  form  the  residual  charge, 
we  see  that  it  is  in  general  entirely  false.  We  could,  indeed,  form  a 
condenser  in  which  the  surface  of  the  dielectric  would  be  a  better  con- 
ductor than  the  interior  and  which  would  act  thus.  But  in  general, 
the  theory  shows  that  the  action  takes  place  throughout  the  mass  of 
the  dielectric,  where  that  is  of  a  fine  grained  structure  and  apparently 
homogeneous,  as  in  the  case  of  glass,  and  consists  of  a  polarization  of 
every  part  of  the  dielectric. 

To  consider  more  fully  the  case  of  a  condenser  made  of  parallel 
plates,  let  us  resume  our  original  equations.  Without  much  loss  of 
generality  we  can  assume  a  laminated  structure  of  the  substance  in 
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ihe  direction  of  the  plane  YZ,  so  that  m  and  V  will  be  only  functions 
of  the  ordinate  x.     Our  equations  then  become 

3i\ 


+  4r/,  =  0, 


di  \ 


^d7\_  df 


Eliminating  /'  we  find 

\    d     d_i 
4,    ,11   dr.  \^ 

,dr 
'Tz 
on  integration, 


4T)- 


TSotr  let  us  make  p 


a^^ 


and  as  t  and  x  are  iodepemlent,  we  find 


;■  iP—p>)  +  4'r(pn- 


n»)  =  0, 


where  Pg  is  the  value  of  p  for  some  initial  value  of  j,  say  at  the  surface 
of  the  condenser,  and  is  an  arbitrary  function  of  t,  seeing  that  we  may 
vary  the  charge  at  the  surface  of  the  body  in  any  arbitrary  manner. 
This  equation  establishes  p  as  a  function  of  m  and  t  only,  and  as  we  have 
___!  dp 
''  4ff    W' 

{I  will  also  be  a  function  of  these  only. 

Let  us  now  suppose  that  at  the  time  t  =  0,  the  condenser  is  charged, 
having  had  no  charge  before,  and  let  us  also  suppose  that  the  different 
strata  of  the  dielectric  are  infinitely  thin  and  are  placed  in  the  same 
order  and  are  of  the  same  thickness  at  every  part  of  the  substance,  so 
that  a  finite  portion  of  the  substance  will  have  the  same  properties  at 
every  part. 

In  this  caae  m  wilt  be  a  periodic  fonction  of  x,  returning  to  the  same 
value  again  and  again.  Ab  />  is  a  function  of  this  and  of  (  only,  at  a 
given  time  (,  it  must  return  again  and  again  to  the  same  value  as  we 
pass  through  the  substance,  indicating  a  uniform  polarized  structure 
throughout  the  body. 

This  conclusion  would  have  been  the  same  had  we  not  assumed  a 
laminated  structure  of  the  dielectric.  In  all  other  cases,  except  that 
of  two  planes,  electric  absorption  can  take  place,  as  we  have  before 
remarked,  even  in  perfectly  homogeneous  bodies,  provided  that  Ohm's 
law  16  departed  from  or  that  the  electric  induction  is  not  proportional 
to  the  electric  force,  as  well  as  in  non-homogeneous  bodies.  But  where 
the  body  is  thus  homogeneous,  electric  absorption  is  not  due  to  a  uni- 
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fonn  polarisation,  bat  to  dietmct  xegionB  of  positiTe  end  negatiTe 
electiifloation.  , 

Lt  tlie  irhole  of  tlia  inToatigation  ttras  far  ire  have  songht  for  the 
means  of  ezpUining  the  phenomenon  eolel;  by  meaaa  of  the  known 
lavB  of  electric  indnction  and  conduction.  Bat  many  of  the  phenomena 
of  electric  absorption  indicate  dectroljtic  action,  and  it  id  possible  that 
in  many  cases  this  it  the  csnse  of  the  phenomen<nL  The  only  object 
of  thia  note  ia  to  partially  geDoialise  Uaxvell's  explanation,  leaving 
the  electrolyiio  and  other  theories  for  the  fatare. 
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Pkeliminary  Remarks 

Since  the  elasBical  determmation  of  the  absolute  unit  of  electrical 
resistance  by  the  Committee  on  Electrical  Standards  of  the  British 
Association,  two  re-determinations  have  been  made,  one  in  Qermany  and 
the  other  in  Denmark,  which  each  differ  two  per  cent  from  the  British 
Association  determination,  the  one  on  one  side  and  the  other  on  the 
other  side,  making  a  total  difference  of  four  per  cent  between  the  two. 
Snch  a  great  difference  in  experiments  which  are  capable  of  consider- 
able exactness,  seems  so  strange  that  I  decided  to  make  a  new  deter- 
mination by  a  method  different  from  any  yot  used,  and  which  seemed 
capable  of  the  greatest  e-tactness;  and  to  guard  against  all  error,  it  was 
decided  to  determine  all  the  important  factors  in  at  least  two  different 
ways,  and  to  eliminate  most  of  the  corrections  by  the  method  of  experi- 
ment, rather  than  by  calculation.  The  method  of  experiment  depended 
upon  the  induction  of  a  current  on  a  closed  circuit,  and  in  this  respect, 
reeerabled  that  of  Kirchhoff,  but  it  differed  from  his  inasmuch  as,  in 
my  experiment,  the  induction  current  was  produced  by  reversing  the 
main  current,  and  in  Kirchhoff's  by  removing  the  circuits  to  a  distance 
from  each  other.  And  it  seems  to  me  that  this  method  is  capable  of 
greater  exactness  than  any  other,  and  it  certainly  possessed  the  greatest 
simplicity  in  theory  and  facility  in  experiment. 

In  the  carrying  out  of  the  experiment  I  have  partly  availed  myself 
of  my  own  instruments  and  have  partly  drawn  on  the  collection  of  the 
University,  which  possesses  many  unique  and  accurate  instruments  for 
electric  and  magnetic  measurements.  To  insure  uniformity  and  accur- 
acy, the  coils  of  all  these  instruments  have  been  wound  with  my  own 
hands  and  the  measurements  reduced  to  a  standard  rule  which  was 

■  I  km  KKfttl;  lodetited  to  Mr,  Jscqnes,  Fellow  o(  tbe  Unlrereitj,  who  Is  an  eicel- 
lant  obtcrTer.  tor  his  naalstBiice  dnrinii;  the  eipsrlment,  particulirly  In  reading  tlie 
t«lK*lll  ealvanometer. 
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again  compared  with  the  standard  at  Washington.  Unlike  many  Ger- 
man instruments,  quite  fine  wire  has  always  been  used  and  the  number 
of  coils  multiplied,  for  in  this  way  the  constants  of  the  coils  can  be 
more  exactly  determined,  there  is  less  relative  action  from  the  wire 
connecting  the  coils,  and  above  all  we  know  exactly  where  the  current 
passes. 

The  experiment  was  performed  in  the  back  room  of  a  small  house 
near  the  University,  which  was  reasonably  free  from  magnetic  and  other 
physical  disturbances.  As  the  magnetic  disturbance  was  eliminated 
in  the  experiment,  it  was  not  necessary  to  select  a  region  entirely  free 
from  such  disturbance.  The  small  probable  error  proves  that  sufficient 
precaution  was  taken  in  this  respect. 

The  result  of  the  experiment  that  the  British  Association  unit  is  too 
great  by  about  -88  per  cent,  agrees  well  with  Joule^s  experiment  on  the 
heat  generated  in  a  wire  by  a  current,  and  makes  the  mechanical  equiv- 
alent as  thus  obtained  very  nearly  that  which  he  found  from  friction: 
it  is  intermediate  between  the  result  of  Lorenz  and  the  British  Asso- 
ciation Committee;  and  it  agrees  almost  exactly  with  the  British  Asso- 
ciation Committee's  experiments,  if  we  accept  the  correction  which  I 
have  applied  below. 

The  difference  of  nearly  three  per  cent  which  remains  between  my 
result  and  that  of  Kohlrausch  is  difficult  to  explain,  but  it  is  thought 
that  something  has  been  done  in  this  direction  in  the  criticism  of  his 
method  and  results  which  are  entered  into  below.  My  value,  when 
introduced  into  Thomson's  and  Maxwell's  values  of  the  ratio  of  the 
electromagnetic  to  the  electrostatic  units  of  electricity,  caused  a  yet 
further  deviation  from  its  value  as  given  in  Maxwell's  electromagnetic 
theory  of  light:  but  experiments  on  this  ratio  have  not  yet  attained 
the  highest  accuracy. 

History 

The  first  determination  of  the  resistance  of  a  wire  in  absolute  meas- 
ure was  made  by  Kirchhoff  *  in  1849  in  answer  to  a  question  propounded 
by  Xeumann,  in  whose  theory  of  electrodynamic  induction  a  constant 
appeared  whose  numerical  value  was  unknown  until  that  time.  His 
method,  like  that  of  this  paper,  depended  on  induction  from  currents: 
only  one  galvanometer  was  used  and  the  primary  current  was  measured 
by  allowing  only  a  small  proportion  of  it  to  pass  through  the  galvano- 

^Bestimmung  der  Constanten  von  welcher  die  Intensitat  indiicirter  elektrischcr 
Stnimc  abhiingt.     Pogg.  Ann.,  Bd.  76,  S.  4V2. 
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meter  by  means  of  e.  shunt,  while  ail  the  induced  current  passed  through 
it.  Bat,  owing  to  the  heating  of  the  wires,  the  shunt  ratio  cannot  be 
relied  upon  as  constant,  and  hence  the  defect  of  the  method.  At  pres- 
ent this  experiment  has  only  historical  value,  seeing  that  uo  exact 
record  was  kept  of  it  in  a  standard  resistance.  However,  we  know  that 
the  wire  was  of  copper  and  the  temperatnre  0°  R,  and  that  the  result 
obtained  gave  the  resistance  of  the  wire  f  smaller  than  Weber  found 
for  the  same  wire  at  20°  R.  in  18.11. 

In  1851,  Weber  published'  esperiments  by  two  methods,  first  by 
means  of  an  earth  inductor,  and  second  by  observing  the  damping  of  a 
swinging  needle.     Three  experiments  gave  for  the  resistance  of  the 


circuit  1903-10',  189810%  and  1900aO% 


,  but  it  i 


I  be  noted 


that  a  correction  of  five-eigliths  per  cent  was  made  on  accouiit  of  (he 
time,  two  seconds,  which  it  took  to  turn  the  earth-inductor,  and  that 
no  account  was  taken  of  the  temperature,  although  the  material  was 
copper.  He  finds  for  the  value  of  the  Jacobi  unit,  698-10'^^'.  Three 
years  after  that,  in  1853,  Weber  made  another  determination  of  the 
specific  resistance  of  copper.'  But  these  determinations  wore  more  to 
develope  the  method  than  for  e.\act  measureineut,  and  it  whs  not  until 
1863*  that  Weber  made  an  exact  determination  which  he  expected  to 
be  standard.  In  this  last  determination  he  used  a  method  compounded 
of  his  first  two  methods  by  which  the  constant  of  the  galvanometer  was 
eliminated,  and  the  same  method  has  since  been  used  by  Kohlraiisch 
in  his  experiments  of  1870.  The  results  of  these  experiments  were 
embodied  in  a  determination  of  the  value  of  the  Siemens  unil  and  of 
a  standard  which  was  sent  by  Sir  Wm.  Thomson.  As  the  old  Siemens 
units  seem  to  vary  among  themselves  one  or  two  per  cent,  and  as  the 
result  from  Thomson's  coil  diifers  more  than  one  per  cent  from  that 
which  would  be  obtained  with  any  known  value  of  the  Siemens  unit, 
we  cannot  be  said  to  know  the  exact  result  of  these  experiments  at  the 
present  time.  Beside  which,  it  was  not  until  the  experiments  of  Dr. 
Mattliiessen  on  the  electric  permanence  of  metals  and  alloys,  that  a 
suitable  material  could  be  selected  for  the  standard  resistance. 

The  matter  was  in  this  state  when  a  committee  was  appointed  by  the 

•  ElAktrodynamiHbi  MAMbeitlmnmtiget) ;  or  Pogg.  Ann.,  Bd.  83,  8.  33T. 
•Abb.  d.  Klin.  Qcb.  U.  WUeeDcljaltea  eu  GuttUiKeD,  Bd.  S. 

•Znr  tinlTunometrlc,  G5Ulu?eD,  188a.     Alau  Abli.  d.  K.  Ges.  d.  Wis.  in  GottlDgen, 
BiL  10. 
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British  Association  in  1861,  who,  by  their  experiments  which  have  ex- 
tended through  eight  years,  have  done  so  much  for  the  absolute  system 
of  electrical  measurements.  But  the  actual  determination  of  the  unit 
was  made  in  1863-4.  The  method  used  was  that  of  the  revolving  coil 
of  Sir  William  Thomson,  the  principal  advantage  of  which  was  its  sim- 
plicity and  the  fact  that  the  local  variation  of  the  earth's  magnetism 
was  entirely  eliminated  and  only  entered  into  the  calculation  as  a  small 
correction.  The  principle  of  the  method  is  of  extreme  beauty,  seeing 
that  the  same  earth's  magnetism  which  causes  the  needle  at  the  centre 
of  the  coil  to  point  in  the  magnetic  meridian  also  causes  the  current  in 
the  revolving  coil  which  deflects  the  needle  from  that  meridian.  When- 
ever a  conducting  body  moves  in  a  magnetic  field,  currents  are  gener- 
ated in  it  in  such  direction  that  the  total  resultant  action  is  such  that 
the  lines  of  force  are  apparently  dragged  after  the  body  as  though  they 
met  with  resistance  in  passing  through  it:  and  so  we  may  regard  Thom- 
son's method  as  a  means  of  measuring  the  amount  of  this  dragging 
action. 

But,  however  beautiful  and  apparently  simple  the  method  may  appear 
in  theory,  yet  when  we  come  to  the  details  we  find  many  reasons  for 
not  expecting  the  finest  results  from  it.  Neariy  all  these  reasons  have 
been  stated  by  Kohlrausch,  and  I  can  do  barely  more  in  this  direction 
than  review  his  objections,  point  out  the  direction  in  which  each  would 
affect  the  result,  and  perhaps  in  some  cases  estimate  the  amount. 

In  the  first  place,  as  the  needle  also  induced  currents  in  the  coil 
which  tended  in  turn  to  deflect  the  needle,  the  needle  must  have  a  very 
Rinall  magnetic  moment  in  order  that  this  term  may  be  small  enough 
to  be  treated  as  a  correction.  For  this  reason  the  magnetic  needle 
wnsj  a  small  steel  sphere  8  mm.  diameter,  and  not  magnetized  to  satur- 
ation. It  is  evident  that  in  a  quiescent  magnetic  field  such  a  magnet 
would  ;zive  the  direction  of  the  lines  of  force  as  accurately  as  the  large 
magnets  of  Gauss  and  Weber,  weighing  many  pounds.  But  the  mag- 
netic force  due  to  the  revolving  coil  is  intermittent  and  the  needle  must 
sliow  as  it  were  the  average  force,  together  with  the  action  due  to 
induced  magnetization.  Whether  the  magnet  shows  the  average  force 
acting  on  it  or  not,  depends  upon  the  constancy  of  the  magnetic  axis, 
and  there  seems  to  be  no  reason  to  suppose  that  this  would  change  in 
the  slightest,  though  it  would  have  been  better  to  have  made  the  form 
of  the  magnet  such  that  it  would  have  been  impossible.  The  induced 
magnetism  of  the  sphere  would  not  affect  the  result,  were  it  not  for  the 
time  taken  in  masrnetization:  on  this  account  the  needle  is  draofged 
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with  the  coil,  and  hence  makes  the  deflection  greater  than  it  should  be, 
and  the  absolute  value  of  the  Ohm  too  smail  by  a  very  sniaU  quantity. 
The  currents  induced  in  the  suspended  parts  also  act  in  the  same 
direction.  Neither  of  these  can  be  estimated,  but  they  are  evidently 
very  minute. 

The  mere  fact  that  this  small  magnet  was  attached  to  a  comparatively 
large  mirror  which  was  exposed  to  air  currents  could  hardly  have 
affected  the  results,  seeing  that  the  disturbances  would  have  been  all 
eliminated  except  those  due  to  air  currents  from  the  revolving  coil,  and 
which  we  are  assured  did  not  exist  from  the  fact  that  no  deflection  took 
place  when  the  coil  was  revolved  with  the  circuit  broken.  In  revolving 
the  coil  iu  opposite  directions  very  different  results  were  obtained,  and 
the  explanation  of  this  has  caused  considerable  discussion.  As  this  is 
of  fundamental  importance  I  shall  consider  it  In  detail. 

llie  magnet  was  suspended  by  a  single  fibre  seven  feet  long,  and  the 
deflection  was  diminished  by  its  torsion  -00132.  No  mentiou  ie  made 
of  the  method  used  for  untwisting  the  fibre,  and  we  see  that  it  would 
require  only  2-11  turns  to  deflect  the  needle  1°  from  the  meridian. 
To  eetimate  the  approximate  effect  of  this,  we  may  omit  from  Maxwell's 
equation '  all  the  other  minor  correctiona  and  we  have 
GKw  006  v        ,      QKw  I 
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where  we  have  substituted  ^  —  ;9  for  y;  in  Maxwell's  equation  in  the 
term  involving  I.  In  this  equation  f  is  measured  from  the  magnetic 
meridian;  but  let  us  take  ^''  as  the  angle  from  the  point  of  equilibrium. 
Then  i!'  =  f'  +  a  and  </'"  =  tp"  —  «,  where  ifi'  and  if'  are  for  negative 
rotation  and  t^"  and  f"  for  positive  rotation  and  «  =  arc  sin  r— .. 
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Where  H'  and  R"  are  the  apparent  values  of  the  resistance  as  calculated 
'   from  the  negative  and  positive  rotations,  and  B,  is  the  mean  of  the 

■  R«i)urti  on  Electrkal  SUndsrilg,'  p.  10S. 
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two  as  takea  from  the  table  published  by  the  British  Assoeiaticxa  Com** 
xnittee.    li  JB  is  the  true  resistance. 

We  shall  then  find  approximately 

^_  1 4-  tan  <g^tana  _,  1  —  tan^g^^tana 

When  a  is  small  compared  with  ^'  or  ^,  and  when  these  are  also  smaU^ 
we  have 

B  =  B.(1  +  a»(a«  - 1^)  +  4c.). 

So  that  by  taking  the  mean  of  positiye  and  negatiye  rotations^  the 
effect  of  torsion  is  almost  entirely  eliminated.  Now  a  is  the  an^  l^ 
which  the  needle  is  deflected  from  the  magnetic  meridian  by  the  torsioii 

and  its  yalne  ^  ^ (l  —  j^)  nearly,  when  o  is  small,  and  this,  in  <me 
or  two  of  their  experiments,  exceeds  nnily  or  a  exceeds  28^.6, 


is  absurd.    Taking  eyen  one  of  the  ordinary  cases  where  ^  =  102 

and  ^  is  about  ^,  we  haye  a=  12^*  nearly,  which  is  a  yalue  so  large 
that  it  would  surely  haye  been  noticed.  Hence  we  may  conclude 
that  no  reasonable  amount  of  torsion  in  the  silk  fibre  could  haye 
produced  the  difference  in  the  results  from  positiye  and  negatiye 

rotation,  as  has  been  stated  by  Mr.  Fleming  JenJdn  in  his  ^  Report  on 
the  New  Unit  of  Electrical  ^esistance.^ ' 

The  greatest  value  which  we  can  possibly  assign  to  a  which  might 
have  remained  unnoticed  is  ^,  which  would  not  have  affected  the 
the  experiment  to  any  appreciable  extent. 

Another  source  of  error  which  may  produce  the  difference  we  are 
discussing  is  connected  with  the  heavy  metal  frame  of  the  apparatus, 
in  which  currents  can  be  induced  by  the  revolving  coil.  The  coil 
passes  so  near  the  frame-work  that  the  currents  in  it  must  be  quite 
strong  and  produce  considerable  magnetic  effect.  Kohlrausch  has 
pointed  out  the  existence  of  these  currents,  but  has  failed  to  consider 
the  theory  of  them.  Now,  from  the  fact  that  after  any  number  of 
revolutions  the  number  of  lines  of  force  passing  through  any  part 
of  the  apparatus  is  the  same  as  before,  we  immediately  deduce  the 

'  *  Reports  on  Electrical  Standards/  London,  1873,  p.  191. 
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fact  tliat,  if  Ohm's  law  be  correct,  the  algebraical  eum  of  the  currents 
at  every  point  in  the  frame  is  zero,  and  hence  the  average  magnetic 
action  on  the  needle  zero.  But  although  these  currents  can  have 
no  direct  action,  they  can  still  act  by  modifying  the  current  in  the 
coil;  for  while  the  coil  is  nearing  one  of  the  supports  the  current 
in  the  coil  is  less  than  the  normal  amount,  and  while  it  is  leaving 
it  is  greater;  and  although  the  total  current  in  the  eoil  is  the  normal 
amount,  yet  it  acts  on  the  needle  at  a  different  angle.  By  changing 
the  direction  of  rotation,  the  effect  is  nearly  but  not  quite  eliminated. 
The  amount  of  the  effect  is  evidently  dependent  upon  the  velocity 
of  rotation  and  increases  with  it  in  some  unknown  proportion,  and 
the  residual  effect  is  evidently  in  the  direction  of  making  the  action 
on  the  needle  too  small  and  thus  of  increasing  R.  If  these  currents 
are  the  cause  of  the  different  values  of  R  obtained  with  positive  and 
negative  rotation,  we  should  find  thai  if  we  picked  out  those  experi- 
ments in  which  this  difference  was  the  greatest,  they  should  give 
a  larger  value  of  E  than  the  others.  Taking  the  mean  of  all  the 
results  *  in  which  this  difference  is  greater  than  one  per  cent,  we  find 

for  the  Ohm  1.0033  ^'^^  'l"^*,  and  when  it  is  less  than  one  per 

sec.  '^ 

cent,  -9960  ^^      1"*  ■    which  is  in  accordance  with  the  theory,  the 

sec,  ■' 

average  velocities  being  W  and  '^"  nearly.  But  the  indiridual 
observations  have  too  great  a  probable  error  for  an  exact  comparison. 

But  whatever  the  cause  of  the  effect  we  are  considering,  the  follow- 
ing method  of  correction  must  apply.  The  experiments  show  that  R 
is  a  function  of  the  velocity  of  rotation,  and  hence,  by  Taylor's  theorem, 
the  true  resistance  R^  must  be 

E„  =  B  (i+Aw  +  Bw*  +  &c.), 

and  when  R  is  the  mean  of  results  with  positive  and  negative  rotations. 

R,  =  R  (1  +  Bw'  -+■  Dw*  -\-  Ac). 

Supposing  that  all  the  terms  can  be  omitted  except  the  first  two,  and 
neing  the  above  results  for  large  and  small  velocities,  we  find  R„ 

=  ■0936??''^A455i'.     But  if  we  reject  the  two  results  in  which  the 
sec  ' 

•  In  the  iHble  publlsbed  by  tlie  Comnilttee  the  different  column*  do  not  *gree,  suil 
I  have  tbOQgbt  It  probable  that  the  Inet  two  DDmbers  tn  tbs  next  to  th«  Uit  column 
Sbould  read  lOORS  and  I  onilS  Instead  of  10041)  and  -BSSl.  and  lu  my  dlscuaslon  1 
lisn  considered  lUcm  to  rend  thne. 
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diffaremee  of  poutiTe  and  negaiife  xotatioms  ii  o?er  uoTBa  per  ceat, 
weHnA 

see. 

The  rejection  of  all  the  higher  powers  of  w  renders  the  correction 
nnc^tain,  bnt  it  at  least  shows  that  the  Ohm  is  somewhat  smaller 
than  it  was  meant  to  b^  wlneh  agrees  with  my  experiments. 

It  is  to  be  regretted  that  the  details  of  these  experiments  have 
never  been  published,  and  so  an  exact  estimate  of  their  valne  can 
nevw  be  made.  Indeed  we  have  no  data  for  detiarmining  the  value 
of  the  Ohm  from  the  experiments  of  1868.  AH,  we  know  is  that,  in 
the  final  resnlt^  the  1864  experiments  had  five  times  the  weight  of 
those  of  1868,  and  that  the  two  results  differed  -16  per  cent,  but 
which  was  the  larger  is  not  stated.  Now  the  table  of  results  pub- 
lished  in  the  report  of  the  1864  experiments  contains  many  errors, 
some  of  which  we  can  find  out  by  comparison  of  the  columns.  The 
following  corrections  seem  probable  in  the  eleven  experiments:  No.  4^ 
second  column,  read  4-6875  for  4-6276.  No.  10,  fourth  and  fifth 
oofamms,  read  1-0082  and  +  0-82  in  place  of  10040  and  +  0-40.  No. 
11,  fourth  and  fifth  columns,  read  1*IK)65  and  +  0-65  in  place  of  0-9981 
and  — 0-19.  Whether  we  make  these  corrections  or  not  the  mean 
value  is  entirely  incompatible  with  the  statement  with  respect  to  the 
1868  experiments.    With  the  corrections  the  mean  value  of  the  1864 

experiments  is  1  Ohm  =  1-00071  ^^^  ^^^\  and  without  them,  using 

the  fourth  column,  it  is  1-00014.  With  the  corrections  the  di£Eerence 
between  fast  and  slow  rotation  is  -6  per  cent. 

In  the  year  1870  Professor  F.  Kohlrausch  made  a  new  determination 
of  Siemen^s  unit  in  absolute  measure,  the  method  being  one  formed 
out  of  a  combination  of  Weber's  two  methods  of  the  earth  inductor  and 
of  damping,  by  which  the  constant  of  the  galvanometer  was  eliminated, 
and  is  the  same  as  Weber  used  in  his  experiments  of  1862.  His  formula 
for  the  resistance  of  the  circuit,  omitting  small  corrections,  is 

^  =  ??|^'  ^^^^^  approximately, 

where  8  is  the  surface  of  the  earth  inductor,  T  is  the  horizontal  inten- 
sity of  the  earth's  magnetism,  K  the  moment  of  inertia  of  the  magnet, 
<o  the  time  of  vibration  of  the  magnet,  i  the  logarithmic  decrement, 
and  A  and  B  are  the  arcs  in  the  method  of  recoil. 
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One  of  the  principal  criticisms  I  have  to  offer  with  respect  to  this 
method  is  the  great  number  of  quantities  difficult  to  obaerve,  which 
enter  the  equation  as  squares,  cubes,  or  even  fourth  powers.  Thus  S* 
ctepends  upon  the  fourth  power  of  the  radius  of  the  earth  inductor. 
Xow  this  earth  inductor  was  wound  years  before  by  W.  Weber,  and  the 
mean  radius  determined  from  the  length  of  wire  and  controlled  by 
mcnsiiring  the  circumference  of  the  layers.  Now  the  wire  was  nearly 
3-S  mm,  diameter  with  its  coating,  and  the  outer  and  inner  radii  were 
115-  mm.  and  142  mm.  Hence  the  diameter  of  the  wire  occupied  two 
per  cent  of  the  radius  of  the  coil,  maldug  it  uncertain  to  what  point 
the  radius  should  be  measured.  As  the  coil  is  wound,  each  winding 
sinks  into  the  space  between  the  two  wires  beneath,  pxcept  at  one  spot 
where  it  must  pass  over  the  tops  of  the  lower  wires.  The  wire  must 
also  be  wound  in  a  helix.  All  these  facts  tend  to  diminish  S  and  make 
ite  value  as  deduced  from  the  length  of  the  wire  too  large;  and  any 
kinks  or  irregularities  in  the  wire  tend  in  the  same  direction.  And 
these  errors  must  be  large  in  an  earth -inductor  of  such  dimensions, 
where  the  wire  is  so  large  and  many  layers  are  piled  on  each  other. 
If  we  admit  an  error  of  one-half  a  millimetre  in  the  radius  as  deter- 
mined in  this  way,  it  would  diminish  the  value  of  S'  1--1  per  cent,  and 
make  Kohlrausch'a  result  only  ■(!  per  cent  greater  than  the  result  of 
the  British  Association  Committee. 

Three  other  quantities,  T,  X  and  E,  are  very  hard  to  determine  with 
accuracy,  and  yet  T  enters  as  a  square.  It  is  to  be  noted  that  this 
earth-inductor  is  the  same  as  that  used  by  Weber  in  his  experiment  of 
186S,  and  which  also  gave  a  larger  value  to  the  Ohm  than  those  of  the 
British  Association  Committee.  Indeed,  the  results  with  this  inductor 
and  by  this  method  form  the  only  cases  where  the  absolute  resistance  of  the 
Ohm  has  teen  found  ffreater  than  tJiat  from  the  experiments  of  the  British 
Astocialion  Committee. 

There  seems  to  be  a  small  one-sided  error  in  .4  and  B  which  Kohl- 
rausch  does  not  mention,  but  which  Weber,  in  his  old  experiments  of 
1851,  considered  worthy  of  a  '6  per  cent  correction,  and  which  would 

diminish  -^-,=^ — jj,,-,  by  1-2  per  cent.  This  is  the  error  due  to  loss  of 
time  in  turning  the  earth-inductor.  As  Kohlrausch's  needle  had  a 
longer  time  of  vibration  than  Weber's,  the  correction  will  be  much 
smaller.  In  Weber's  estimate  the  damping  was  not  taken  into  account, 
and  indeed  it  is  impossible  to  do  so  with  exactness.  To  get  some  idea 
of  (he  value  of  the  correction,  however,  we  can  assume  that  the  current 
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from  the  earth-inductor  is  uniform  through  a  time  ^"',  and  the  com- 
plete solution  then  depends  on  the  elimination  of  nine  quantities  from 
ten  complicated  equations,  and  which  can  only  be  accomplished  approx- 
imately. If  }'  is  the  true  value  of  the  angular  velocity,  as  given  to  the 
needle  by  the  earth-inductor,  and  y  is  the  velocity  as  deduced  from  the 
ordinary  equation  for  the  method  of  recoil,  I  find 

where  k  is  the  logarithmic  decrement,  e  the  base  of  the  natural  system 
of  logarithms,  T  the  time  of  vibration  of  the  needle,  and  t  the  time 
during  which  the  uniform  current  from  the  earth-inductor  flows.  In 
the  actual  case,  the  current  from  the  earth-inductor  is  nearly  propor- 
tional to  sin  t,  and  hence  it  will  be  more  exact  to  substitute 

in  the  place  of  i^.    The  formula  then  becomes 

This  modification  is  more  exact  when  ?.  is  small  than  when  it  is  large, 
but  it  is  sufficiently  exact  in  all  cases  to  give  some  idea  of  the  magni- 
tude of  the  error  to  be  feared  from  this  source.  Kohlrausch  does  not 
state  how  long  it  took  him  to  turn  his  earth-inductor,  but  as  T  =  34 

seconds,  we  shall  assume  -^  =  ^  and  as  /  =  ^  nearly,  we  have 


r   _ 


=  1-0008, 


which  would  diminish  the  value  of  the  resistance  by  -16  per  cent. 

As  the  time  we  liave  allowed  for  turning  the  earth-inductor  is  prob- 
ably greater  than  it  actually  was,  the  actual  correction  will  be  less  than 
this. 

The  correction  for  the  extra  current  induced  in  the  inductor  and 
galvanometer,  as  given  by  Maxwell's  equation,*  has  been  shown  by 
Stoletow  to  be  too  small  to  affect  the  result  appreciably. 

We  may  sum  up  our  criticism  of  this  experiment  in  a  few  words. 
The  method  is  defective  hoc^iuse,  althoucrh  absolute  resistance  has  the 

dimensions  of  ^P5^   vet  in  this  method  the  fourth  power  of  space  and 

time^^  '  ^ 

»' Electricity  and  Maj^netism  '  iirt.  762. 
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the  square  of  time  enter,  besides  other  quantities  which  are  diflicull  to 
determine.  The  instruments  are  defective,  because  the  earth -induct  or 
was  oi  sueli  poor  proportiou  and  made  of  Buoh  large  wire  that  its 
average  radius  was  difficult  to  determine,  and  was  undoubtedly  over- 
eatunated. 

It  ^eems  probable  that  a  paper  scale,  which  expands  and  contracts 
with  the  weather  was  used.  And  lastly,  the  results  with  this  inductor 
and  by  this  method  have  twice  given  greater  results  than  anybody  else 
has  ever  found,  and  greater  than  the  known  values  of  the  mechanical 
equivalent  of  heat  would  iodicate. 

The  latest  experiments  on  resistance  have  been  made  by  Lorenz  of 
Copenliagen,'"  by  a  new  method  of  his  own,  or  rather  by  an  application 
of  an  experiment  of  Faraday's.  It  consists  in  measuring  the  difference 
of  potential  between  the  centre  and  edge  of  a  disc  in  rapid  rotation 
in  a  field  of  known  magnetic  intensity. 

A  lenjrthy  criticism  of  this  experiment  is  not  needed,  seeing  that  it 
was  made  more  to  illustrate  the  method  than  to  give  a  new  value  to 
the  Ohm.  The  quantity  primarily  determined  by  the  eiperiment  was 
the  absolute  resistance  of  mercury,  and  the  Ohm  will  have  various 
values  according  to  the  different  values  which  we  assume  for  the  resist- 
ance of  mercury  in  Ohms. 

One  of  the  principal  defects  of  the  experiment  is  the  large  ratio 
between  the  radius  of  the  revolving  disc  and  the  coil  in  which  it 
revolved. 

In  conclusion  I  give  the  following  table  of  results,  reduced  as  nearly 
earth  quad.  „ 
sec. 


ta  possible  to  the  absolute  value  of  the  Ohm  i 
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llmpi;  trltb  »  set  ■>(  realslauct 
unit*  Mem   to  be  niaBouablj 
AMtoctkttoD  Commiltee  in  1864 


lUi,  (ISTS),  p.  351. 

Itlen.  a  new  datermluritloti  baa  been  niBde  bf  H.  7.  Weber,  ot 

dlfferant  reanltB  agree  with  great  Mcnraej.     The  raanlt  bii 
Bineo'B  ualtB.  and  the   compariaoD   eeems  to  bsTC  been  made 


o  U(  VBlat 


He  obtain!; 


I.   V.  : 


-MSO   -- 


|uad. 


a  U  preat 


nation,  according  ai  we  take  tUe  dlffarent  ratios  of 
lelatlon  unit,  ranging  from  -U  per  ccul  above  to  1  US 
per  dent  below.  Id  any  case  the  reault  agrees  reaaonablj  well  wltb  my  own.  The 
'Pplratna  used  does  tiot  seem  to  have  been  of  tbc  beat,  and  the  exact  details  are  not 
given.  Bat  wooden  colle  to  wind  tbe  wire  on  seem  to  hare  beta  used,  which  ahonld 
InuMdlalel]'  condemti  the  experiment  where  a  pair  of  colls  Is  used,  srelui^  that  in 
U»I  eaie  tbe  conalant,  both  ot  magnetic  effect  and  of  iudnctlon,  depend  on  the  dU- 
Ijwoe  of  the  colli,  It  la  unfortanate  that  aufflcient  details  are  not  E'veu  for  me  to 
•Dter  Into  a  criticism  of  the  experiment. 
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Tftldng  imtto  of  qnleksUTsr  unit  to  Ofam*- 

A.  unit. 

Wobor 

B.  A.  Oommittee. 
KoUnmaeli 

Rowlind.. 

Thboey  of  thb  Method 

When  a  current  is  induced  in  a  drenit  by  magnetic  action  of  any  kind, 
Faraday  has  shown  that  the  induced  current  is  proportional  to  the 
number  of  lines  of  force  cut  by  the  circuit  and  inyersely  as  the  resist- 
ance of  the  circuit.  If  we  have  two  circuits  near  each  other^  the  first 
of  which  carries  a  current^  and  the  second  is  then  removed  to  an  infinite 
distance^  there  wiU  be  a  current  in  it  proportional  to  the  number  of 
lines  of  force  cut.  Let  now  a  unit  current  be>sent  through  the  second 
circuit  and  one  of  strength  S  through  the  first;  then,  on  remoying 
the  second  circuit,  work  will  be  performed  which  we  easily  see  is  also 
proportional  to  the  number  of  lines  of  force  cut.  Hence,  if  EM  is 
the  work  done,  Q  is  the  induced  current,  and  R  is  the  resistance  of  the 
second  circuit, 

M 


Q  =  CE 


R 


where  0  is  a  constant  whose  value  is  unity  on  the  absolute  system. 

When  the  current  in  the  first  circuit  is  broken,  the  lines  of  force 
contract  on  themselves,  and  the  induced  current  is  the  same  as  if  the 
second  circuit  had  been  removed  to  an  infinite  distance.  If  the  current 
is  reversed  the  induced  current  is  twice  as  great;  hence  in  this  case 


Q  =  ^E^    or 


R=2M 


E_ 
Q 


Hence,  to  measure  the  absolute  resistance  of  a  circuit  on  this  method, 
we  must  calculate  M  and  measure  the  ratio  of  Q  to  E.  M  is  known 
as  the  mutual  potential  of  the  two  circuits  with  unit  currents,  and 
mathematical  methods  are  known  for  its  calculation. 

The  simplest  and  best  form  in  which  the  wire  can  be  wound  for  the 
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calculation  of  M  is  in  parallel  circular  coila  of  equal  size  and  of  as 
small  sectional  area  as  possible.  For  measuring  E  a  tangent  galvano- 
meter is  needed,  and  we  shall  then  have 


a 


tan  e. 


where  B  is  the  horizontal  intensity  of  the  earth's  magnetism  at  the 
place  of  the  tangent  galvanometer,  and  G  the  constant  of  the  galvano- 
meter. 

For  measuring  Q  we  must  use  the  ballistic  method,  and  we  have 


2  eio  i  C, 


which  for  very  small  values  of  ^  becomes 
n-    ff'     T 


fliniff'(l  +  i/  — *i'), 


H=  M 


H     0'      -tan  I) 
IT  'G     7' Bin  J  f/  1 


1 


where  H'  is  the  horizontal  component  of  the  earth's  magnetism  at  the 
place  of  the  small  galvanometer,  G'  its  constant,  T  the  time  of  vibra- 
tion of  the  needle,  and  ).  the  logarithmic  decrement. 

The  ratio  of  E'  to  H  can  be  determined  by  allowing  a  needle  to 
vibrate  in  the  two  positions.  But  this  introduces  error,  and  by  the 
following  method  we  can  eliminate  both  this  and  the  distance  of  the 
mirror  from-  the  scale  by  which  we  find  IV  and  the  error  of  tangent 
galvanometer  due  to  length  of  needle.  The  method  merely  consists 
in  placing  a  circle  around  the  small  galvanometer  and  then  taking 
Eimultaneous  readings  with  the  current  passing  through  it  and  the 
tangent  galvanometer,  before  and  after  each  experiment.  Let  «  and  a' 
be  the  deflections  of  the  tangent  galvanometer  and  the  other  galvano- 
meter respectively,  and  let  Q"  be  the  constant  of  the  circle  at  the  point 
where  the  needle  hangs,  then 


tan  o  — 


r.      (3    tan  « 


1 


and  we  have  finally 

R  =  -V-^  j^  ^^^  ^i^Y^  1  +M  —  «  ^ 
which  does  not  contain  E  or  E',  and  the  distance  of  the  mirror  from 
the  scale  does  not  enter  except  as  a  correction  in  the  ratio  of  sin  4" 
Sod  tan  a';  and,  as  a  and  0  can  be  made  nearly  equal,  the  correction 


of  the  tangent  galvanometer  for  the  length  of  needJe  is  almoBt  eliiiii- 

1 

nated.     When  the  method  of  recoil  is  used,  we  must  substitute 


i  +  » 


J) 

for  the  ienn  iaTolving  i,  uid  am  ^A'  +  nn  ^B'  in  the  place  of  sin  ^  tf' 
A'  and  f  bdng  the  greater  and  anuller  atcs  in  that  method.  Tbk  is 
on  the  Boppoflition  that  i  is  smaU. 

The  mtio  of  0'  to  &  miut  be  bo  large.  Bay  1S,000,  that  it  U  difficolt 
to  detennine  it  by  direct  ezperinien^  but  it  is  f omtd  readily  by  meaaoie- 
ment  or  indirect  compariaon. 

It  is  Been  that  in  this  equation  the  qnantitiaB  osly'enter  as  the  fliBt 
powers,  and  that  the  only  constantB  to  be  detannined  vhich  enter  tlie 
equation  are  M,  0  and  0",  vhich  all  rary  in  simple  proportion  to  the 
linear  meaanrement.  It  is  to  be  noted  also,  that  the  onI|r  qnantitifla 
which  require  to  be  rednced  to  atandard  measure  are  M  and  T,  and 
that  the  others  may  all  be  made  on  any  arbitiaiy  scale.  Ko  correction 
is  seeded  for  temperature  except  to  M.  Dideed,  I  believe  that  OiiB 
method  exceeds  all  others  in  Bimplicity  and  probable  accnracy  and  ita 
freedom  from  constant  errors,  seeing  that  every  qoantity  was  varied 
except  0'  and  0,  whose  ratio  was  determiaed  within  probably  one  in 
three  thousand  by  two  methods. 

Having  obtained  the  resistance  of  the  drcoit  by  this  method,  we 
have  next  to  measure  it  in  ohms.  For  this  purpose  the  resistance  of 
the  drcnit  was  always  adjusted  until  it  was  equal  to  a  certain  German 
silver  Btandard,  which  was  afterward  carefully  compared  with  the  ohm. 
This  standard  was  about  thirty-five  ohms. 

By  this  method,  the  following  data  are  needed, 

1.  Ratio  of  constants  of  galvanometer  and  circle. 

3.  Ratio  of  the  tangents  of  the  two  deflections  of  tangent  galvano- 
meter. 

3.  Ratio  of  the  deflection  to  the  swing  of  the  other  galvanometer. 

4.  Mutual  potential  of  induction  coils  on  each  other. 

5.  Time  of  vibration  of  the  needle. 

6.  Resistance  of  standard  in  ohms. 
For  correction  we  need  the  following : 

1.  The  logarithmic  decrement. 

2.  Distance  of  mirror  from  scale, 

3.  CoefBeient  of  torsion  of  suspending  fibre. 

4.  Rate  of  chronometer. 

5.  Correction  to  reduce  to  standard  metre. 
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6.  Variation  of  the  resistance  of  German  silver  with  the  teraperamre. 

7.  Temperature  of  standard  resistance. 

8.  Arc  of  swing  when  the  time  of  vibration  is  determined. 

9.  Length  of  needle  in  tangent  and  other  galvanometer  (nearly  com- 
pensated by  the  method), 

10.  The  variation  of  resistance  of  circuit  during  the  experiment. 
The  following  errors  are  compensated  by  the  method  of  experiment. 

1.  The  local  and  daily  variation  of  the  earth's  magnetism. 

2.  The  variation  of  the  magnetism  of  the  needle. 

3.  The  magnetic  and  inductive  action  of  the  parte  of  the  apparatus 
on  each  other. 

4.  The  correction  for  length  of  needle  in  the  tangent  galvanometer 
(nearly). 

5.  The  axial  displacement  of  the  wires  in  the  coils  for  induction. 

6.  The  error  due  to  not  having  the  coils  of  the  galvanometer  and  the 
circle  parallel  to  the  needle. 

7.  Scale  error  (partly). 

a.  The  zero  error  of  galvanometers, 

Calcui-ation  of  Constaxts 

Circle. — For  obtaining  the  ratio  of  0  to  0",  it  is  best  to  calculate 
them  separately  and  then  take  their  ratio,  though  it  might  he  found 
by  MaxwelTs  method  ('  Electricity,'  article  753).  But  as  the  ratio  is 
great,  the  heating  of  the  resistances  would  produce  error  in  this  latter 
method. 

For  the  simple  circle, 

where  A  is  its  radius  and  B  the  distance  of  the  plane  of  the  circle  to 
the  needle  on  its  axis. 

GalvatiomeUr  for  Induction  Current. — For  the  more  sensitive  galvano- 
meter, we  must  first  assume  some  form  which  will  produce  a  nearly 
uniform  field  in  its  interior,  without  impairing  its  sensitiveness.  If  we 
make  the  galvanometer  of  two  circular  coila  of  rectangular  section 
whose  depth  is  to  its  width  as  108  to  100,  and  whose  centres  of  sections 
are  at  a  radius  apart  from  each  other,  we  shall  have  Maxwell's  modifi- 
cation of  Hcimholtr's  arrangement.  The  constant  can  then  be  found 
by  calculation  or  comparison  with  another  coil. 
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Mknrdl's  foimiils  ai«  oidy  adapted  to  od^  Hence 

we  suut  inTeetigate  a  new  fonmila.^ 
Let  JT  be  the  total  number  of  windings  in  the  galranometer. 
Let  B  and  r  be  the  outer  and  inner  i^adii  of  the  coili. 
Let  X  and  x  be  the  diatanoes  of  tiie  planea  of  the  edges  of  the  coils 

from  the  centre. 
Letabe  the  angle  subtended  hj  the  radius  of  any  winding  at  the  centre. 
Let  h  be  the  lengtti  of  the  radius  Tector  drawn  from  the  centre  to  the 

point  where  we  measure  the  force. 
Let  0  be  the  angle  between  this  line  and  the  axis. 
Let  c  be  the  distance  from  the  centre  to  any  winding. 
Let  IP  be  Ihe  potential  of  the  coil  at  the  giren  point.  * 

Then  (Maxwell's  ^Mectridiy/  Art  696)^  for  one  winding, 

«r=-*rJl^oosiH.sin*ii(Ae;(«)e,(^ 

+^(4y«(«)e.w  +  4c)}, 

and  for  two  coils  symmetrically  placed  on  each  side  of  the  origin, 
feF=:4ir{oos«-sin«i.(J.(AJa(«)e.W 

+|(4Ja(«)e*w*+&c.)}, 

where  Qti^),  Q4(d),  &c.,  denote  zonal  spherical  harmonics,  and  Qi{a)j 
^(a)  Ac,  denote  the  difFerential   coefficients  of  spherical  harmonics 

with  respect  to  cos  a. 

As  the  needle  never  makes  a  large  angle  with  the  plane  of  the  coils, 
it  will  be  snflScient  to  compute  only  the  axial  component  of  the  force, 
which  we  shall  call  F.  Let  ns  make  the  first  computation  without 
substitution  of  the  limits  of  integration,  and  then  afterward  substitute 
these : 

and  we  can  write 

"  A  formula  involving  the  first  two  terms  of  my  series,  but  applying  only  to  the 
special  case  of  a  needle  in  the  centre  of  a  single  circle  of  rectangular  section,  is 
given  by  Weber  in  his  <  Elektrodynamische  Maasbestimmungen  inbesondere  Wider- 
standsmessungen/  S.  872. 
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where  H^=^x  log.  (r  +  V^  +  O  > 

n  1.3.5  .  .  (2i  — 1)  sin* a/    .    cos""* a   ,    ^  COS^^'a   ,    fl,«  1 

"'=-    i(i.a.3..i)    ^-'1^^-ai^  +  ^' 27^ix  +  *'•  I 

»  -^  2i  -  4  _  t  (t  -  !)(»•  -  a) 
'~     '2i^n:  (2t-l)2      ' 

r  -  K  2t-6  .  t(t-i)(t-a)..(i-4) 

'  ~     '  2t  -  3  "^       (-^t  —  l)(ai  —  3)  2.4       ' 

T)  -  r  ^'  —  8 i{i-Vj..(i  —  %) 

'  ~     '  2t  —  5       (2i  -  i)(2t  —  3)(2t  -  6)  2.4.6 ' 

E,  =  &c.,  &c. 
Substituting  the  limits  for  x,  r  and  a,  we  find 

„       ^,       ig  +  VX'  +  ^        ,       R  +  V?"+~5'" 
^'  =  '^^°«'  r  +  V^V'  +  r*    - '^'''«'  r+Va^  +  r'   ' 

The  needle  consisted  of  two  parallel  laminae  of  steel  of  length,  I,  and 
a  distance,  W,  from  each  other.  As  the  correction  for  length  is  small, 
we  may  assume  that  tlie  magnetism  of  each  lamina  is  concentrated  in 
two  points  at  a  distance  n  I  from  each  other,  where  n  is  a  quantity  to 
be  determined. 
Hence 

^  =  (R^&-  .)  {  ^«  -^  ^'  ¥  <?'  C^)  +  ^'  w  «♦  ^"^  +  «*'=• } ' 

w 

where  cos  ^  =   //i   jyi      ur^'  seeing  that  the  needle  hangs  parallel  to 

the  coils.     In  short  thick  magnets,  the  polar  distance  is  about  §  I  and 

the  value  of  fi  will  be  about  J-     I'^or  all  other  magnets  it  will  be  between 

this  and  unity.     In  the  present  case  n  =  J  nearly. 

As  all  the  terms  after  the  first  are  very  minute,  this  approximation 

is  sufficient,  and  will  at  least  give  us  an  idea  of  the  amount  of  this 

source  of  error. 
11 


Ikductios  Coils 

The  induction  coils  were  in  the  shape  of  two  parallel  coila  of  nearly 
eqnal  size  and  of  nearly  square  section. 

Let  A  and  a  be  the  mean  radii  of  the  coils.  Let  b  be  the  meao 
distance  apart  of  the  coils. 

V(^  +  •/  +  *■  ■ 

Stqqpoaing  tiie  eoib  eoncentnted  at  tii«ir  centn  at  flection  «e  kuov  ttat 


)  are  elliptie  intognlB. 

e  depth  and  width  of  each  coil, 

=  a  nearly, 


iritere  F'(e)  and  B{e)  are  elliptie  intagrala. 

If  Z  *^  '9  are  Uie  depth  and  width  of  each  coil,  the  total  Talu  eC 
J£  wiH  be,  when  A^a  nearly, 

and  we  find 


^•=3T^{'M('<'-'^-a^<*-'^) 


Calling  /3  and  ^  the  scale  deflections  corresponding  to  tan  a'  and  sin 
JO*,  we  may  write  our  equation  for  the  value  of  the  resistance 


■gtan  g  ^ 
■  7  tan  o    S 


-'(l)"-'(ir)- 


-.{\  +  A  +etc.), 


where  ii'  is  the  reBiatance  of  the  circuit  at  a  given  temperature  170°  C, 
and  E  =  Zi^M-^l  +  a  +  6  +  etc.),  in  which  A,  B,  etc.  and  a,  h,  etc. 
are  the  variable  and  constant  corrections  respectively. 
a.  Correction  for  damping. 
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b.  Torsion  of  fibre. 

The  needle  of  the  tangent  galvanometer  was  sustained  on  a  point 
and  so  required  no  correction.  The  correction  for  the  torsion  in  the 
other  galvanometer  is  the  same  for  /?  and  8  and  hence  only  affects  T. 
Therefore,  if  t  is  the  coefficient  of  torsion, 

b=-U. 

c.  Rate  of  chronometer. 

Ijei  p  be  the  number  of  seconds  gained  in  a  day  above  the  normal 
time 


86400  • 

d.  Reduction  to  normal  metre.  The  portion  of  this  reduction  which 
depends  on  temperature  must  be  treated  under  the  variable  corrections. 
Let  m  be  the  excess  of  the  metre  used  above  the  normal  metre,  ex- 
pressed in  metres;  then 

d  =  +  in. 

e.  Correction  of  T  for  the  arc  of  vibration.  This  arc  was  always  the 
same,  starting  at  c^  and  being  reduced  by  damping  to  about  c,, 

where  c^  and  c  ^  are  the  total  arcs  of  oscillation. 

f.  Correction  for  length  of  needles.  For  the  tangent  galvanometer, 
the  correction  is  variable.     For  the  circle  it  is 

where  /  is  lialf  the  distaiue  between  the  poles  of  the  needle  and  A  the 
radius  of  circle.  For  the  other  galvanometer  it  is  included  in  the 
formula  for  G. 

A.  Reduction  to  iioruial  metre.  As  the  dimension  of  7?  is  a  velocity 
and  the  induction  coils  were  wound  on  brass,  the  correction  is 

A  =  ^y(t'  -r). 

where  y  is  the  coetlicicnt  of  expansion  of  brass  or  copper,  /'  the  actual 
and  /"  the  normal  temperature. 

B.  Correction  of  standard  resistance  for  temperature.  Let  //  be  the 
variation  of  the  resistance  for  V  C  /'"  be  the  actual  and  ^'*  the  normal 
temperature  1T°()  C. :  then 
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0«  Correction  for  length  of  needle  in  tangent  galT«n<»neter, 

where  X  is  half  the  distance  between  the  poles  of  the  needle  and  A^  is 
tiie  radius  of  the  coiL 

D.  The  resistance  of  the  circuit  was  constantly  adjusted  to  the 
standard,  but  during  the  time  of  the  experiment  the  change  of  temper- 
ature of  the  room  altered  the  resistimce  slightly;  this  change  was 
measured  and  the  correction  will  be  plus  or  minus  one-half  this.  The 
resistance  was  adjusted  several  times  during  each  experiment.  The 
correction  is  ±27. 

Sojue  of  the  errors  which  are  compensated  by  the  experiment  need 
no  remark  and  I  need  speak  only  of  the  following. 

No.  3.  By  the  introduction  of  commutators  at  various  points  all 
mutual  disturbance  of  instruments  could  be  compensated* 

TSo.  5.  In  winding  wire  in  a  groove,  it  may  be  one  side  or  the  other 
of  the  centre.  By  winding  the  coils  on  the  centre  of  cylinders  which 
set  end  to  end,  on  reversing  them  and  taking  the  mean  result  this 
error  is  avoided. 

No.  6.  The  circle  was  always  adjusted  parallel  to  the  coils  of  the 
galvanometer.  Should  they  not  be  parallel  to  the  needle,  0  and  Q" 
will  be  altered  in  exactly  tiie  same  ratios  and  will  thus  not  afFect  the 
result.  The  same  may  be  said  of  the  deflection  of  the  magnet  from 
the  magnetic  meridian  due  to  torsion. 

No.  7.  p  and  d  both  ranged  over  the  same  portion  of  the  scale  and 
80  scale  error  is  partly  compensated. 

No.  8.  The  zero-point  of  all  galvanometers  was  eliminated  by  equal 
deflections  on  opposite  sides  of  the  zero-point. 

Instruments 

Wire  and  coils, — The  wire  used  in  all  instruments  was  quite  small 
silk-covered  copper  wire,  and  was  always  wound  in  accurately  turned  ** 
brass  grooves  in  which  a  single  layer  of  wire  just  fitted.  The  separate 
layers  always  had  the  same  number  of  windings,  and  the  wire  was 
woimd  so  carefully  that  the  coils  preserved  their  proper  shape  through- 

"To  obtain  an  accurate  coil  an  accurate  groove  is  necessary,  seeing  that  otherwise 
the  wire  will  be  heaped  up  in  certain  places.  The  circle  of  the  tangent  galvanometer, 
which  was  made  to  order  in  Germany,  had  to  be  returned  in  this  country  before  use, 
and  much  time  was  lost  before  finding  out  the  source  of  the  difficulty. 
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■  out.  No  paper  was  uaed  between  the  layers.  As  the  wire  was  small, 
Ivery  little  distortion  was  produced  at  the  point  where  one  layer  had 
[io  ripe  over  the  tops  of  the  wires  below.  Corrections  were  made  (or 
iihe  thictcness  of  the  steel  tape  used  to  measure  the  circumference  of 
leach  layer:  also  for  the  sinking  of  each  layer  into  the  spaces  between 
Kthe  wires  below,  seeing  that  the  tape  measures  the  circumference  of 
l:ihe  tops  of  the  wires.  The  steel  tape  was  then  compared  with  the 
|<Btaodard. 

The  advantages  of  small  wire  over  large  are  many;  we  know  exactly 
ftirhere  the  current  passes;  it  adapts  itself  readily  to  the  groove  without 
I  kinks ;  it  fills  up  the  grooves  more  uniformly ;  the  connecting  wires 
l-liave  less  proportional  magnetic  effect;  and  lastly,  we  can  get  the 
Idimeneions  more  exactly.  The  size  of  wire  adopted  was  about  No.  22 
ffor  most  of  the  instruments. 

The  mean  radius  having  been  computed,  the  exterior  and  interior 
l-Tadii  are  found  by  addition  and  snbstraction  of  half  the  depth  of  the 
I  coil.     The  sides  of  the  coil  were  taken  as  those  of  the  brass  groove. 

All  coils  were  wound  by  myself  personally  to  insure  uniformity  and 
lexactDeas. 

Tangent  galvanometer. — This  was  entirely  of  brass  or  bronze,  and 
whad  a  circle  about  50  cm.  diameter.  The  needle  was  2-7  cm.  long  and 
l-ita  position  was  read  on  a  circle  20-  cm.  diameter,  graduated  to  15'. 
I  The  graduated  circle  was  raised  so  that  the  aluminium  pointer  was  on 
J  a  level  with  it,  thus  avoiding  parallax.  The  needle  and  pointer  only 
■treighed  a  gram  or  two,  and  rested  on  a  point  at  the  centre  which  was 
1  BO  nicely  made  that  it  would  make  several  oscillations  within  1°  and 

■  would  come  to  rest  within  1'  or  2'  o£  the  same  point  every  lime.  I 
I- much  prefer  a  point  with  a  liijkt  needle  carefully  made  to  any  suspended 
Boeedle  for  the  tangent  galvanometer,  especially  as  a  raised  circle  can 
I  then  alone  be  used.  The  needle  was  suspended  at  a  distance  from  any 
■Irase  which  might  have  been  magnetic.  There  were  a  series  of  coils 
lescending  nearly  as  tlie  numbers  1,  3,  9,  27,  81,  243,  whose  constants 
ftvere  all  known,  but  only  one  was  used  in  this  experiment.  The  proba- 
I'ble  error  of  a  single  reading  was  about   ±  1'. 

Oatvanomeler  for  induction  currtnt. — This  was  a  galvanometer  on  a 
Inew  plan,  especially  adapted  for  the  absolute  measurement  of  weak 
I  currents.  It  was  entirely  <>t  brass,  except  the  wooden  base,  and  was 
llarge  and  heavy,  weighing  twenty  or  twenty-five  pounds.  It  could  be 
|iiBed  with  a  mirror  and  scale  or  as  a  sine  galvanometer.     It  will  be 
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« 

umemuaj  ta  doscribe  heite  only  those  portions  which  affect  the  aoooracy 
of  the  present  ^qperizneni, 

The  ooilf  were  of  the  foim  described  above  in  the  theoretical  portion^ 
and  were  wound  on  a  brass  cylinder  about  8*2  cm.  long  and  11*6  cm. 
diameter  in  two  deep  grooves  about  3*  cnu  deep  and  2*5  cm.  wide.  The 
opening  in  the  centte  for  the  needle  was  about  5-5  cm.  diameter  and 
the  (^lindcgr  was  split  by  a  saw-cut  so  as  to  diminish  the  damping 
effect.  This  coil  was  mounted  on  a  brass  column  rising  from  a  gradu- 
ated cinde  by  which  the  azimuth  of  the  coil  could  be  determined  by 
two  verniers  reading  to  30^.  Through  the  opening  in  the  coil  benea& 
the  needle  passed  a  brass  bar  95  cm.  long  and  2  cm.  broad,  carrying  a 
small  telescope  at  one  end.  In  the  present  experiment,  this  bar  was 
merely  used  in  the  comparison  of  the  constant  of  the  instrument  witii 
tiiat  of  another  instrument.  For  this  purpose  the  instrument  is  used 
as  a  sine  galvanometer  by  wh^  a  great  range  can  be  secured,  and  it 
could  be  compared  with  a  coil  having  a  constant  twenty-three  timee 
less  and  which  was  used  with  telescope  and  scale. 

The  coils  contained  about  five  pounds  of  No.  22  silk-covered  copper 
wire  in  1790*  turns. 

Two  needles  were  used  iu  this  galvanometer,  each  constructed  so  that 
its  magnetic  axis  should  be  invariable;  this  was  accomplished  by  affixing 
two  thin  laminse  of  glass-hard  steel,  to  the  two  sides  of  a  square  piece 
of  wood,  with  their  planes  vertical.  This  made  a  sort  of  compound 
magnet  very  strong  for  its  length,  and  with  a  constant  magnetic  axis. 
The  first  needle  had  a  nearly  rectangular  mirror  2*4  by  1-8  em.  on 
the  sides  and  -22  cm.  thick.  The  other  needle  had  a  circular  mirror 
2*05  cm.  diameter  and  about  1  mm.  thick.  The  needle  of  the  first  was 
1-27  cm.  and  of  the  second  1-20  cm.  long,  and  the  pieces  of  wood  were 
about  -45  cm.  and  -6  cm.  square  respectively.  The  moment  of  inertia 
of  both  was  much  increased  by  two  small  brass  weights  attached  to 
wires  in  extension  of  the  magnetic  axis,  thus  extending  the  needles  to 
a  length  of  4*9  cm.  and  4-2  cm.  respectively.  The  total  weights  were 
5-1  and  5-6  grams  and  the  times  of  vibration  about  7-8  and  11-5 
seconds.  They  were  suspended  by  three  single  fibres  of  silk  about  43 
cm.  long. 

In  front  of  the  needle  was  a  piece  of  plane-parallel  glass.  This  and 
the  mirrors  were  made  by  Steinheil  of  Munich,  and  were  most  perfect 
in  every  way. 

In  the  winding  of  the  coils  every  care  was  taken,  seeing  that  a  small 
error  in  so  small  a  coil  would  produce  great  relative  error.     And  for 
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this  resBon  the  constant  whs  also  found  by  comparison  with  another 
ooU.     The  following  were  the  dimeDEJons: 

Mean  radius  43213  cm. 

R  =  5-6ZU  »■  =  3-0212 

.r=  3-475565  a- =    -gSSSeS 

R-r  =  2-6000  X~r=  2-54000 

A"  =  1790- 

w hence 

F=\iU-1i5~l-lWQ,(!i)~i-h(ib'Q,(0)  +  -goi'C, (.f)  -&c. 

Taking  the  mean  dimensions  of  the  two  needles,  we  have 

/  =  l-23,     10=  -52,     n  =  l,    CMfi'  =  -748. 

^,  (»')=+  339,     C,(fl')  =  --354,     e.  (»-)  =  — -375. 

.-.      G  =  1832-25  —  -083  +  -071  -  -002  +  Ac.  =  1832-24. 

The  coil  with  whit-li  this  galvanometer  was  compared  was  the  large 

coil  of  an  electro-dynamometer  similar  to  that  described  in  Maxwell's 

'Electricity,'  Art.    .25,  but  smaller.     The   coi!   was   ou   Helmholtz's 

principle  with  a  diameter  of  27'5  cm.,  and  was  very  accurately  wound 

on  the  brass  cylinder.     There  was  a  total  of  240  windings  in  the  coil. 

The  constant  of  this  coil  was  78-371  by  calculation. 

To  eliminate  the  difference  pf  intensity  of  the  earth's  magnetism,  an 
observation  wag  first  made  and  then  the  positions  of  the  instrumentB 
were  changed  so  that  each  occupied  exactly  the  position  of  the  other: 
the  square  root  of  the  product  of  the  two  results  was  the  true  result 
free  from  error. 

The  coils  of  the  galvanometer  could  be  separated  so  that  an  outer 
and  inner  pair  could  be  used  together.  By  comparing  these  parts 
separately  and  adding  the  constants  together  we  find  0.  Hence  two 
comparisons  are  possible,  one  with  the  coils  together  and  the  other  with 
them  separate.     The  results  were  for  the  ratio  of  the  constants 

233931     and     23  4008, 
which  give 

«  =  183337     and     1833-98. 
The  mean  result  is 

1833'CT  ±  -09, 
and  this  includes  seven  determinations  with  two  reversals  of  instru- 
ments. This  result  is  one  part  in  thirteen  hundred  greater  than  found 
by  direct  calculation,  which  is  to  be  accounted  for  by  the  small  size  of 
the  galvanometer  coils  and  the  consequent  difficulty  of  their  accurate 
measurement.     As  comparison  with  the  electro-dynamometer  has  such 
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a  Etaall  probable  error,  and  aa  it  is  a  much  larger  coil,  it  Boems  beet  fo 
give  tMs  number  twice  the  weight  of  that  found  by  calculation :  we  thus 
obtain 

0  =  1833-19  _ 

as  the  final  result.  I 

It  does  not  seem  probable  that  this  can  be  in  error  more  than  one 
part  in  two  or  three  thousand. 

Telescope,  scale,  ific.— The  telescope,  mirrors  and  plane-parallel  glaaa 
were  all  from  Steinheil  in  Munich,  and  left  nothing  to  be  desired  in 
this  direction,  the  image  of  the  scale  being  so  perfect  that  fine  scratches 
on  it  could  be  distinguished.  The  telescope  had  an  aperture  of  4  cm. 
and  a  magnifying  power  of  90  was  used.  The  scale  was  of  silvered 
brass,  one  metre  long  and  graduated  to  millimetres. 

Induclion  coils.^A  coil  was  wound  in  a  groove  in  the  centre  of  each 
of  three  accurately  turned  brass  cylinders  of  difterent  lengtbs.  Two 
Of  them  onij  iren  tued  at  a  time,  t^  plaoiiig  tbem  end  to  end,  tbe  eodt 
iMing  gnnmd  so  that  they  laid  on  each  other  nicely.  The  two  ooila 
'Mold  be  placed  in  four  positionfl  with  reapect  to  each  other,  in  eac^  ot 
wbkAi  they  w«re  veiy  enctly  the  same  Stance  apart  Thia  diataoce 
tat  each  of  the  fonr  pontiona,  was  determined  at  three  parts  of  the 
drcnmference  by  meana  of  a  cathetometer,  witii  microaoopic.  objectiTe, 
reading  to  ^  mm.  Tbe  mean  of  all  twelve  determinations  wai  the 
mean  diatance.  In  using  the  coila  they  were  always  naed  in  all  fonr 
positions.  The  probable  error  of  each  set  of  twelve  readings  was 
±  -001  mm.     The  data  are  as  follows,  naming  the  coils.  A,  B  and  C: 

Mean  radius  of  i  =  13-nO,  of -B  =  13-690,  of  C  =  13-720. 

Mean  distance  apart  of  A  and  5^6-534,  of  A  and  C^  9-574,  of 
Band  (7=  11-471. 

N  =  154  for  each  coil,  f  =  -90,  ij  =  -84. 
For  A  and  B  we  have 

3f  =  3774860-  +  ^  (74S50-  ~  66510-)  =  3775500- 
The  remaining  terms  of  the  series  are  practically  zero,  as  was  found 
by  dividing  one  of  the  coils  into  parts  and  calculating  the  parts  sepa- 
rately and  adding  them. 

For  A  and  C 

if  =  2561410-  4-  ^  (34000-  —  27830-)  =  2561974- 
For  S  and  C 

M  =  2050600-  +  tV  (27500-  — 19800-)  =  2051320- 
Tbe  calculation  of  tbe  elliptic  integrals  was  made  by  aid  of  the  tables 
of  the  Jacobi  function,  q,  given  in  Bertrand's  '  Traits  de  Calcul  Inte- 
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grale '  as  well  as  Ly  the  expansions  in  terms  of  the  modulus  after  trans- 
fonning  them  by  the  Landen  substitution. 

The  Circle. — The  circle  whose  constant  we  hare  called  Q"  and  which 
was  around  the  galvanometer  whose  constant  was  G,  was  a  large  wooden 
one  containing  a  single  coil  of  No.  22  wire."  To  prevent  warping,  it 
was  laid  up  out  of  small  pieces  of  wood  with  the  grain  in  the  direction 
of  the  circumference,  and  was  carefully  turned  with  a  minute  groove 
near  one  edge  in  which  the  wire  could  just  lie.  It  was  about  ■')■  cm. 
broad,  1-8  thick  and  82-7  cm.  diameter.  As  the  room  had  no  fire  in 
it,  the  circle  remained  perfect  throughout  the  experiment.  The  wire 
was  straightened  by  stretching  and  measured  before  placing  on  the 
circle,  which  last  was  done  with  great  care  to  prevent  stretching;  after 
the  experiment  it  was  measured  and  found  exact  to  -|'y  mm, 

The  circle  was  adjusted  parallel  and  concentric  with  the  coils  of  the 
galvanometer,  but  at  a  distance  of  1-1  cm.  to  one  side,  in  order  to  allow 
the  glass  tube  with  the  suspending  fibre  to  pass.  The  length  of  wire 
was  259-58  em.  which  gives  a  mean  radius  of  41-31344  cm.  These  data 
give  0"  =  151925.  Preliminary  results  were  also  obtained  by  use  of 
another  circle. 

Ckronomder. — ^To  obtain  the  time  of  vibration,  a  marine  chronometer 
giving  mean  solar  time  wat  used.  The  rate  was  only  half  a  second 
per  day. 

Wheaislone  bridge. — To  compare  the  resistance  of  the  circuit  with  the 
arbitrary  German  silver  standard,  a  bridge  on  Jenkin's  plan,  made  by 
Elliott  of  London,  was  used.  A  Thomson  galvanometer  with  a  single 
batter)-  cell  gave  the  means  of  accurately  adjusting  the  resistance,  one 
division  of  the  scale  representing  one  part  in  fifty  thousand. 

Thermomelers. — Accurate  thermometers  graduated  to  half  degrees 
were  used  for  finding  the  temperature  of  the  standard. 

The  arbitrary  standard. — This  was  made  of  about  seventy  feet  of 
German  silver  wire,  mounted  in  the  same  way  as  the  British  Association 
Standard.  Immediately  after  use,  two  copies,  one  in  German  silver  and 
the  other  in  platinum-silver  alloy,  were  made.  It  had  a  resistance  of 
about  35  ohms.     The  temperature  was  taken  as  1T°  C. 

To  obtain  the  accurate  resistance  of  this  standard  in  ohms,  I  had  two 
standards  of  10  ohms  and  one  of  1,  100,  and  1,000  ohms.  The  1-ohm, 
and  one  of  the  10-ohm  standards,  were  made  by  Elliott  of  London,  and 

'•  In  iBolhcr  part  ot  lay  pnper  I  hn*e  *rltlci>ed  tlio  utc  of  wooden  clrclei  for  coil, 
bat  It  li  unobjectionable  In  lli<.-  i-ase  ot  a  alDi;lB  wire,  cspvclall;  nlien  the  needle  \t 
■natieniled  uear  Ita  centre. 
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tbe  oihmi  bjr  Meson.  Waiden,  MniriieaA  and  Omxk  al  tiie  saitte  plaee. 
But  on  caxeM  ccnnpaiiBOii  I  f amid  fhftt  Warden,  Muiriiead  and  Oladif a 
10-olun  ataadaid  waa  1-00171  timea  that  of  Meeare.  BHott  Btoa.  On 
atatiiig  theae  facta  to  the  tiro  firma  I  met  no  reapoaae  from  the  fttat 
Hm,  hat  the  aecond  kindly  undertook  to  make  me  a  atandaid  whieh 
ahonld  he  true  hy  the  atradarda  in  chaige  of  Prof eaaor  Ibucwell  mt 
Camhridge.**  At  present  I  give  the  reeolt  of  the  compariaon  witii 
theae  atandarda,  as  well  as  some  others,  and  also  with  a  aet  of  reaiatanoe 
eolla  fajr  Mesars.  Elliott  Bros. 

0Ofiiaiti<afofY.— 'No  commiitatora  except  those  having  mercuiy  con« 
necticma  were  naed,  and  those  in  the  drcmt  whose  reaiatance  waa  deter- 
mined were  so  constmeted  as  to  offer  no  appreciable  resistance.  The 
commutator  by  which  the  main  current  waa  reyersed,  could  be  operated 
in  a  fraction  of  a  second,  so  as  to  cause  no  delay  in  the  reversaL 

OmMcKng  wires. — ^These  were  of  No.  22  or  No.  16  wire  and  were  all 
carefully  twisted  together.  The  insulation  waa  teeted  and  found  to  be 
excell^it 

Inductor  far  damping. — ^This  has  already  been  described  in  my  first 
paper  on  'Magnetic  Permeability/  and  merely  consisted  of  a  small 
horse-shoe  magnet  with  a  sliding  coil,  which  was  introduced  into  the 
secondary  circuit.  By  moving  it  back  and  forth,  the  induced  current 
could  be  used  to  stop  the  vibrations  of  the  needle  and  make  it  stationary 
at  the  sero  point.  This  is  necessary  in  the  method  where  the  first  throw 
of  the  galvanometer  needle  constitutes  the  observation,  but  in  the 
method  of  recoil  it  is  not  necessary  to  use  it  very  often.  I  prefer  the 
method  of  the  first  throw  as  a  general  rule,  but  I  have  used  both 
methods. 

This  method  of  damping  will  be  found  much  more  efficient  than  that 
of  the  damping  magnet  as  taught  by  Weber,  and  after  practice  a  single 
movement  will  often  bring  the  needle  exactly  to  rest  at  the  zero  point. 

Arrangement  of  apparatus. — Two  rooms  on  the  ground  floor  of  a 
small  building  near  the  University  were  set  aside  for  the  experiment, 
making  a  space  8  m.  long  by  3-7  m.  wide.  The  plan  of  the  arrange- 
ment is  seen  at  Fig.  1.  The  current  from  the  battery,  in  the  Univer- 
sity, entered  at  A,  the  battery  being  eighteen  one-gallon  cells  of  a 
chromate  battery,  arranged  two  abreast  and  eight  for  tension.     The 

i*A8  this  is  nearly  a  year  since,  and  as  I  cannot  tell  when  the  standard  will  arriye, 
I  now  publish  the  results  as  so  far  obtained,  hoping  to  make  a  more  exact  comparison 
in  future. 
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rcsietance  of  tlie  circuit  was  about  20  ohms,  and  of  the  whole  battery 
about  i  ohm,  thus  insuring  a  reasonably  constant  current. 

At  B  some  resistance  could  be  inserted  by  withdrawing  plugs  so  as 
to  vary  the  current. 

At  C  is  the  tangent  galvanometer  with  commutator  on  a  brick  pier. 
Tlie  nearness  of  the  commutator  produces  no  error,  seeing  that  we  only 
wish  to  determine  the  ratio  of  two  currents.  The  effect  of  currents  in 
the  commutator  was,  however,  vanishingly  small  in  any  ease. 

At  D  is  the  principal  commutator  which  reversed  the  current  in  the 
induction  coils,  L,  or  in  the  circle,  F,  when  it  was  in  the  circuit. 


The  secondary  circuit  included  the  induction  coil,  L,  the  damping 
inductor.  M.  and  the  galvanometer  G. 

At  B  was  the  Jenkin's  bridge,  with  standard  at  P,  in  a  beaker  of 
water,  and  a  Thomson  galvanometer  at  J  K.  The  secondary  circuit 
could  be  joined  to  the  bridge  by  raising  a  U-shaped  piece  of  wire  out  of 
the  mercury  cups. 

The  telescope  and  scale,  E,  were  ou  a  heavy  wooden  table,  and  the 
two  galvanometers  on  brick  piers  with  marble  tops. 

A  row  of  gas-burners  at  Q  illuminated  the  silvered  scale  in  the  most 
perfect  manner. 

Adjutfmtnts  and  tegts. — The  circle,  F,  must  be  parallel  to  coils  of 
galvanometer,  0.  The  circle  and  coils  of  galvanometer  were  first 
adjusted  with  their  planee  vertical  and  then  adjusted  in  azimuth  by 
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measuremeat  from  the  end  of  the  har^  B,  to  the  aides  oi  the  drde^  Jl^« 
The  adjuatme^Dtt  was  always  within  SV,  irbich  would  only  cause  an  error> 
of  one  part  in  86000. 

The  needle  must  hang  in  the  magnetic  meridian  by  a  fibre  withont 
torsion^  and  the  coils  must  be  paiallel  to  it.  These  jsdjnstments  were 
carefolly  made,  but,  as  has  been  shown,  the  error  from  this^  source  is 
compensated. 

The  needle  must  hang  in  the  centre  of  the  galvanometer  coils  and 
on  the  axis  of  the  drde.  *  The  error  from  this  source  is  vanishingly 
smalL 

The  scale  must  be  perpendicular  to  the  line  joining  the  zero  point 
and  the  galvanometer  needle,  it  must  be  level  and  not  too  much  below 
the  galvanometer  needle.  All  errors  from  this  source  are  partially  or 
entirdy  compensated  by  the  method  of  experiment. 

The  induction  coils,  L,  must  be  horizontal,  and  at  the  same  level  as 
the  two  galvanometers,  so  as  not  to  produce  any  magnetic  action  on 
ihem.  The  error  from  this  source  is  exactly  compensated  by  this 
metiiod  of  experiment,  but  could  never  amount  to  more  than  1  part  in 
8000. 

The  tangent  galvanometer  should  have  the  plane  of  its  coils  in  the 
magnetic  meridian,  but  all  errors  are  compensated. 

The  connecting  wires  must  be  so  twisted  together  and  arranged  as 
to  produce  no  magnetic  action,  but  tests  were  made  in  all  cases  where 
the  error  was  not  compensated,  and  found  to  be  practically  zero.  The 
insulation  of  all  coils,  wires  and  commutators  was  carefully  tested. 

Method  of  experiment. — As  has  been  stated  before,  the  method  gener- 
ally used  was  that  of  the  first  throw  of  the  needle,  though  the  method 
of  recoil  was  also  used.  For  the  successful  use  of  the  first  method  a 
quickly  vibrating  needle  and  the  damping  inductor  are  indispensable, 
seeing  that  with  a  slow  moving  needle  we  can  never  be  certain  of  its 
being  at  rest.  By  this  method  it  is  not  necessary  to  have  the  needle 
at  rest  at  the  zero  point,  but,  if  it  vibrates  in  an  arc  of  only  a  millimetre 
or  two,  we  have  only  to  wait  till  it  comes  to  rest  at  its  point  of  greatest 
elongation  on  either  side  of  the  zero  point  and  then  reverse  the  commu- 
tator. The  error  by  this  method  is  in  the  direction  of  making  the 
throw  greater  in  proportion  of  the  cosine  of  the  phase  to  unity.  The 
smallest  throw  used  was  100  mm.  Hence,  if  the  needle  vibrated 
through  a  total  arc  of  2  mm.,  the  error  would  be  1  in  17,000.  In  reality 
the  needle  was  always  brought  to  rest  much  more  nearly  than  this. 

The  method  of  recoil  was  used  once  with  the  needle  vibrating  in  7-8 
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flecondsj  but  the  time  ot  vibration  was  too  short  and  another  needle  was 
conBtmcted  vibrating  in  11-5  seconds,  which  was  a  sufficiently  long 
period  to  be  used  successfully  after  practice. 

There  seems  to  be  no  error  introduced  by  the  tijue  taken  to  reverse 
the  commutator  in  the  method  of  recoil,  seeing  that  the  breaking  of 
the  current  stops  the  needle  and  the  making  starts  it  in  the  opposite 
direction.  As  the  time  was  only  a  fraction  of  a  second  the  error  is 
minute  in  any  case. 

While  the  current  is  broken  in  the  reversal,  the  battery  may  re- 
cuperate a  little  and  there  is  also  some  action  from  the  extra  current, 
but  there  seems  to  be  uo  doubt  that  long  before  the  four  or  six  seconds 
which  the  needle  takes  to  reach  its  greatest  elongation  everything  has 
again  settled  to  its  normal  condition  and  the  current  resumes  its 
original  strength.  Hence  the  error  from  these  sources  may  be  con- 
sidered as  vanishingiy  small. 

Some  experiments  were  made  by  simply  breaking  the  current  and 
they  gave  the  same  result  as  by  reversal. 

The  following  is  the  order  of  observations  corresponding  to  each 
experiment. 

1st.  The  time  of  vibration  of  needle  was  observed. 

2d,  The  current  was  passed  around  the  circle,  F,  so  as  to  observe 
^  and  a.  Simultaneous  readings  were  taken  at  the  two  galvanometers. 
The  commutator  at  the  tangent  galvanometer  was  then  reversed  and 
readings  again  taken.  After  that  the  commutator  to  the  circle  was 
reversed  and  the  operation  repeated.  This  gave  four  readings  for  the 
circle  and  eight  for  the  tangent  galvanometer,  as  both  ends  of  the 
needle  were  read.  In  some  cases  these  were  increased  to  six  and  twelve 
respectively.  This  operation  was  repeated  three  times  with  currents 
of  different  strengths,  constituting  three  observations  each  of  a  and  ^, 
To  eliminate  any  action  due  to  the  induction  coils,  they  were  sometimes 
connected  in  one  way  and  sometimes  in  the  opposite  way. 

3d,  The  resistance  of  the  circuit  was  adjusted  equal  to  the  arbitrary 
Gtnndard. 

4th,  The  cirole.  F,  was  thrown  out  of  the  circuit  and  the  observations 
of  C  and  <J  bcgim.  Two  throws,  H,  one  on  either  side  of  zero  were 
observed  and  one  reading  of  9  taken.  The  commutators  at  s  and  G 
were  then  reversed,  and  the  operation  repeated.  This  whole  operation 
was  then  repeated  with  currents  of  three  different  strengths.  The 
position  of  the  two  induction  colls  was  now  reversed  and  observations 
again  made  with  the  three  currents.     The  resistance  was  now  eom- 
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pared  with  the  standard,  the  difference  noted,  and  the  resistance  again 
adjusted.  The  observations  were  completed  by  turning  the  induction 
coils  into  the  two  other  positions  which  they  could  occupy  with  respect 
to  each  other,  followed  by  another  comparison  of  resistance  with 
standard. 

5th.  Observations  of  a  and  /S  were  again  made  as  before. 

6th.  The  time  of  vibration  was  again  determined. 

The  observations  as  here  explained  furnished  data  for  three  compu- 
tations of  the  resistance  of  the  circuit,  one  with  each  of  the  three  cur- 
rents. In  each  of  these  three  computations,  a  was  the  mean  of  16 
readings,  /9  of  8  or  sometimes  12,  d  of  16  and  S  of  16.  In  using  the 
method  of  recoil  neariv  the  same  order  was  observed. 

The  time  of  vibration  was  determined  by  allowing  the  needle  to 
vibrate  for  about  ten  seconds  and  making  ten  observations  of  transits 
before  and  after  that  period.  During  the  experiment,  I  usually  ob- 
served at  the  telescope  and  Mr.  Jacques  at  the  tangent  galvanometer. 

The  methods  of  obtaining  the  corrections  require  no  explanation. 

4 

Results 
The  constant  corrections  are  as  follows  for  the  first  needle. 

a=-'iX  -f  3!^>l«=--00711. 

J  =  -i/  =  — -00020, 

c  =  —  -000006 , 

d=  ^  -000074  at  20-°  C . 

^=i-2b.('^'-''")=^  ■'''''' 

/  =  H-  -00003 , 

a  +  b  -{-c-{-d-^e  +/=  —  '00718. 

For  method  of  recoil  it  becomes  —  -00016. 
TIence  for  A  and  B,  log  7^  =  11-4536030 
Hence  for  .4  and  C\  log  A' =  11-2852033 
Hence  for  B  and  C\  log  A'=  11-1886619 
For  method  of  recoil  using  A  and  B,  log  K  =  11-4566630. 
For  second  needle  and  method  of  recoil, 

a  =  —  i  (--)'=  -  -000050 , 

b  =  ^i(=  --00025, 
c  =  —  -000006  , 
(!=-{-  -000074 , 
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«s-|r -00008, 
/=  4- -00008, 
a  +  A  +  e  +  il  +  « +/s:  — -00017. 

For  ^  and  B,  log  JT^  11*4566587 
For  A  and  C,  log  JT— 11S882690 
For  B  and  (7,  log  Jr=:  11 19171 76 

The  distance  of  the  mirror  from  the  scale  nwrrwd- between  19S*8  and 
198-5  cm. 

Should  we  rqect  the  qnantity  84*881  in  the  third  experiment  so  as 
to  make  the  mean  result  of  that  experiment  84-744  instead  of  84-778, 
we  should  obtain  as  a  mean  result  of  the  whole 

84-7166  ±  0068, 

which  has  a  less  probable  error  than  when  the  above  obserration  is  re- 
tained.   The  number  of  plus  and  minus  errors  are  also  more  nearly 
equal  and  the  greatest  difFerence  from  the  mean  1  part  in  1100. 
Howerer  the  two  results  do  not  differ  more  than  1  part  in  10,000. 
We  shall  take 

R  =  84-719  ±  -007  ^^^^^*^  at  17-^  0. 

seoond. 

as  the  final  result. 

DiBoirssiON 

On  glancing  ovei^  the  table  we  sec  that  the  number  of  negative  enors 
greatly  exceed  the  number  of  positive,  but,  if  we  take  only  the  four 

errors  which  are  greater  than  1  part  in  5,000,  we  shall  find  two  of  them 
negative  and  two  positive. 

Combining  the  results  with  the  different  coils  we  have 

^  and  S 34-696  ±   005 

^  and  C 34-744  ±  -Oil 

J9  and  C 34-716  ±  -007 

Had  we  no  other  results  to  go  by,  we  might  suppose  that  the  value  of 
M  might  not  have  been  found  as  exactly  for  these  coils  as  we  have 
supposed  them  to  be.  But  if  we  include  the  preliminary  results  re- 
jected on  account  of  the  imperfect  circle  used,  we  shall  find 

il  and  J9 34-704  ±   006 

il  and  C 34-718  ±  -017 

S  and  C 34-758  ±  -016 

which  has  the  greatest  error  in  an  entirely  different  place. 

From  the  first  series  the  probable  error  of  each  determination  of  M 
is  1  in  about  2,000.     But  as  this  includes  the  experimental  errors  which 
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are  about  eqiinl  to  ^j^,  the  real  probable  error  of  M  must  be  about 
1  part  in  2,500.  The  number  of  observations  is  however  too  small  for 
an  ezftct  estimate  of  the  probable  errors. 

Taking  the  results  with  currents  of  different  strengths,  we  find 

For  strongest  current   3-1-716 

For  medium  current 34-715 

For  weakest  current 34'727 

which  are  almost  perfectly  accordant.  Taking  the  results  from  the 
method  of  recoil  and  the  ordinary  method,  we  find 

For  ordinary  method  34-736  ±  -010 

For  method  of  recoil  34-705  ±  -006 

It  the  probable  error  is  subtracted  from  the  first  and  added  to  the 
Aecond  they  will  very  nearly  equal  each  other.  Hence  the  difference  is 
probably  accidental.  Indeed,  by  the  combination  of  the  results  it  does 
not  seem  possible  to  find  any  constant  source  of  error,  and  therefore 
the  errors  should  be  eliminated  by  the  combination  of  the  results. 
In  the  final  result 

^  =  34  7192  ±    0070 
the  probable  error,  ±  -0070,  inclndes  all  errors  except  the  ratio  of  0 
to  0",     We  may  estimate  the  probable  error  of  0  at  ±  mVu  and  of  G" 
at  ±  tAd- 

Hence  the  final  probable  error  of  R,  including  all  variables,  ia  ±  jAj 
or  ±  -04  per  cent, 

or  ^  =  347I9±-015. 
The  probable  error  of  the  British  Association  determination  was  ±  -08 
per  cent,  not  including  the  probable  error  of  the  constants;  and  of  Kohl- 
raiisch's  determination  ±  -33  per  cent,  including  constant  errors. 

CoMPABiaOM   WITH   THE    OhM 

The  dilficuity  in  obtaining  proper  standards  for  comparison  has  been 
explained  above  and  I  shall  have  to  wait  until  the  arrival  of  the  new 
standard  before  making  the  exact  comparison.  At  present  I  give  the 
following  results,  which  seem  to  warrant  the  rejection  of  Messrs.  Elliott 
Bros'.  10-ohm  standard  and  to  make  that  of  Messrs.  Warden,  Muirhead 
and  Clark  correct.  I  shall  designate  the  coils  by  the  letter  of  the  firm 
&nd  by  the  number  of  ohms.     Experiment  gave  the  following  results: 

W  (10)=  1  00171  X  E  (10),  experiment  of  June  8.  1877. 

W  (10)  =  1  00166  X  E  (10),  experiment  of  Feb.  23,  1878. 

W  (1,000):W  (100)::W  (10):-909876  E  (1),  experiment  of  Febru- 
ary 23. 1878. 
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•  Kow  ihe  greatest  source  of  error  in  makmg  ooib  is  in  passing  from 
the  ttnit  to  the  hif^t^et  numbers.  As  the  reproduetion  of  single  units 
is  a  yery  simple  process  the  single  ohm  is  irithout  nrach  doubt  correet» 
and  as  the  above  proportion  is  correct  within  one  part  in  8,000  of  what 
it  should  he,  it  se^ms.io  point  ip  the  great  exactness  of  the  standards 
then  used^  seeing  that  Ihe  epK^ess  Qf  the  proportion  could  hardly  haye 
been  accidental,  Jt  is  also  to  be  xiot^.that  Messrs.  Warden,  Muirhead 
(k  curie's  10-ohm  standard,  agreed  more  exactly  with  a  set  of  coils  1^ 
Messrs.  Elliott  Bros,  than  tkeir  owiv  mat  S.  (10). 

The  resistance  of  my  coil  as  demeid  timm  tlie!  different  standards  is 
as  follows:    ... 

•From  BUiott  Bros,  resistance  co^.'  1  ...••... t. •• . .34*979  phms.  . 

trom  EUiott  Bros.  10-ohm  standard. . . , .86*083  phms.   . 

Vrom  W.^  M...A  C.'s  lO-ohm  standard .85024  phmpi. . . 

.  I^rpm  W.,.M.  &  C's  100-ohm  standard 86*085  ohms.   . 

These  give ior  my  determination  the  values,  of  the  ohm  as  follows:  ^ .; . 

From  ElUott  Bros,  resistance  coils -99267  ?5E*3H?^ 

sec. 

From  Elliott  Bros.  10-ohm  standard -98968         ^ 

From  W.;  M.  ft  C's  10-ohm  standard -99129     .    '' 

From  W.>  M.  ft  C's  100-ohm  standard -99098         '' 

For  the  reasons  given  above  I  accept  the  mean  of  the  last  two  results 
as  the  value  of  the  ohm. 

To  preserve  my  standard  I  have  made  two  extra  copies  of  it^  the  one 
in  German  silver  and  the  other  in  platinum  silver  alloy.  The  com- 
parisons are  given  below.  No.  1  is  in  German  silver  and  the  other  in 
platinum  silver  alloy.     The  temperature  is  17-°  C. 

No.  I. 100034  June,  1877. 

No.  1 100029  Feb.,  1878. 

No.  II -99630  June,  1877. 

No.  II -99932  Feb.,  1878. 

These  are  the  values  of  the  copies  in  terms  of  the  original  standard 

whose  resistance  is  34-719  earth  quad.^ 

sec. 
From  these  results  it  would  seem  that  the  German  silver  of  which 

the  standard  and  No.  I  were  composed  was  perfectly  constant  in  resist- 
ance.    The  wire  has  been  in  my  possession  for  several  years  and  seems 
to  have  reached  its  constant  state. 
The  final  result  of  the  experiment  is 

1  ohm  =  -9911  ??£tlL2H5i-. 

sec. 
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J  PROFESSORS  AYRTON  AND  PERRY'S  NEW  THEORY  OF 
THE  EARTffS  MAGNETISM,  WITH  A  NOTE  ON  A  NEW 
THEORY  OF  THE  AURORA ' 

[fkUonphieal  Magazine,  [5],  Vllly  102- 106,  1879.     Proceedings  of  the  Phyeieal  Society , 

III,  98-98,  1879] 

Some  years  ago,  while  in  Berlin,  I  proved  by  direct  experiment  that 
electric  convection  produced  magnetic  action;  and  I  then  suggested  to 
Professor  Helmholtz  that  a  theory  of  the  earth's  magnetism  might  be 
Iwsed  upon  the  experiment.  But  upon  calculating  the  potential  of 
the  earth  required  to  produce  the  effect,  I  found  that  it  was  entirely 
too  great  to  exist  without  producing  violent  perturbations  in  the  planet- 
•ly  movements,  and  other  violent  actions. 

I  ha?e  lately  read  Professors  Ayrton  and  Perry's  publication  of  the 
8ame  theory;  and  as  they  seem  to  have  arrived  at  a  result  for  the 
potential  much  less  than  I  did,  I  have  thought  it  worth  while  to  publish 
Biy  reasons  for  the  rejection  of  the  theory. 

The  first  objection  to  the  theory  that  struck  me  was,  that  not  only 
the  relative  motion  but  also  the  absolute  motion  through  space  of  the 
«»rth  around  the  sun 'might  also  produce  action.  And  to  this  end  I 
instituted  an  experiment  as  soon  as  I  came  home  from  Beriin. 

I  made  a  condenser  of  two  parallel  plates  with  a  magnetic  needle 
enclosed  in  a  minute  metal  box  between  them;  for  I  reasoned  that,  when 
the  plates  were  charged  and  were  moved  forward  by  the  motion  of  the 
<^rth  around  the  sun,  they  would  then  act  in  opposite  directions  on 
the  enclosed  needle,  and  so  cause  a  deflection  when  the  electrification 
tf  the  condenser  was  reversed.  On  trying  the  experiment  in  the  most 
fiweful  manner,  there  was  not  the  slightest  trace  of  action  after  all 
•wirees  of  error  had  been  eliminated. 
^  Bat  the  experiment  did  not  satisfy  me,  as  I  saw  there  was  some 
tiectricity  on  the  metal  case  surroimding  the  needle.  And  so  I  attacked 
the  problem  analytically,  and  arrived  at  the  curious  result  that  if  an 
iectrified  system  moves  forward,  without  rotation  through  space,  the 

1  Bea4i  before  the  Fhyeical  Society,  June  29th. 
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magnetic  f oree  at  any  poiiit  la  dependent  on  the  electrical  force  at  that 
same  point— or,  in  other  wmrda,  that  all  the  eqnipotential  anrtacea  have 
tiie  aame  magnetite  action.  Hence,  when  we  ahield  a  needle  firom  elec- 
trostatic acti<m,  we  also  shidd  it  from  magnetic  action. 

This  theorem  only  applies  to  irrotational  motion,  and  assumes  that 
the  elementary  law  for  the  magnetic  action  of  electric  conyection  is  the 
same  as  the  mad  rimfU  dementary  law  for  dosed  drciiits.  Hence  we 
see  that,  provided  the  earth  were  nnif  ormly  electrified  on  the  exterior 
of  the  atmosphere,  there  wonld  be  no  magnetic  action  on  the  earth^s 
siorface  dne  to  mere  motion  of  translation  throuf^  space. 

In  calculating  the  magnetic  action  dne  to  the  rotation,  I  have  taken 
tiie  most  f ayoraUe  case,  and  so  have  assumed  the  earth  to  be  a  sphere 
of  magnetic  material  of  great  permeabilily,  fu  It  does  not  seem  prob- 
able that  it  wonld  make  much  difference  whether  the  inside  sphere 
totated  or  was  stationary;  or  at  least  the  magnetic  action  wonld  be 
greatest  in  the  latter  case;  and  hence  by  considering  it  stationary  we 
shoold  get  the  superior  limit  to  the  amount  of  magnetism. 

Let  a  be  tiie  radius  of  the  sphere  moving  with  angular  velocily  ip, 
and  let  &he  its  su:^^ace-d«isity  in  dectrostatic  measure,  and  n  the  ratio 
of  the  electromagnetic  to  the  electrostatic  unit  of  electridiy.  Then  the 
cnrrent-function  will  be 

f  =  — f«?  PfAnedess^  —  im^cosi?. 

Hence  (Maxwell's  '  Treatise/  §  672)  the  magnetic  potential  inside  the 
sphere  is 


and  outside  the  sphere 


fi  = war  cos  ^, 

3     n 


*     n  r* 


The  magnetic  force  in  the  interior  of  the  sphere  is  thus 

or  the  field  is  uniform.     If  the  electric  potential  of  the  sphere  on  the 
electrostatic  system  is  F,  we  may  write 

n 
which  is  independent  of  the  dimensions  of  the  sphere. 
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In  this  uniform  field  in  the  interior  of  the  sphere^  let  a  smaller 
sphere  of  radius  a'  be  situated;  the  potential  of  its  induced  magnetiza- 
tion will  be 

Hence  the  expression  for  the  potential  for  the  space  between  the  two 
spheres  will  be 

«i4  outside  the  electrified  sphere  it  will  be 

I«t  US  now  take  the  most  favorable  case  for  the  production  of  mag- 
netism that  we  can  conceive,  making  a'  =  a  and  /i  =  «> ;  we  then  have 

n  r* 

which  is  the  potential  of  an  elementary  magnet  of  magnetic  moment 


n 

But  Gauss  *  has  estimated  the  magnetic  moment  of  the  earth  to  be 

3-3092a\ 
on  the  millimetre  mg.  second  system.    Hence  we  have 

F=  3-3092    ^ 


w 

for  the  potential  in  electrostatic  units  on  the  mm.  mg.  second  system, 
i  electromagnetic  units  it  is  thus 

V,  =  3-3092  —  ; 

w 

id  hence  in  volts  it  is  this  quantity  divided  by  10^^. 
As  the  earth  makes  one  revolution  in  23h  56'  4",  or  in  86164  seconds, 
have 

^~86T64' 

I 

n  =  299,000,000,000 '  millims.  per  second. 

Taylor's  Sclent.  Mem.,  toI.  ii,  p.  225. 

Trom  a  preltaiinary  calculation  of  a  new  determination  made  with  the  greatest 
and  hATing  •  probable  error  ol  I  in  1300. 


timei 

Fc 

presf 

whic 


Hence  the  earth  must  be  electrified  to  a  potential  of  about 

41  X  10"  voltfl  * 

in  order,  under  the  most  favorable  circumBtancea,  to  account  for  the 

earth's  magnetism.     This  would  be  sufficient  to  produce  a  spark  in 

atmospheric  air  of  ordinary  density  of  about 

e,000,000  miles  I 

■ofessors  Ayrton  and  Perry  have  only  found  the  potential  10'  volta, 

■  400,000,000  times  less  than  I  find  it. 

[t  was  this  large  quantity  which  caused  me  to  reject  the  theory ;  for 

iw  what  an  immense  effect  it  would  have  in  planetary  perturbations; 

I  even  imagined  to  myself  the  atmosphere  flying  away,  and  the 

ler  bodies  on  the  earth  carried  away  into  space  by  the  repulsion, 

I,  doubtless,  had  not  Professors  Ayrton  and  Perry  made  some  mis- 

in  their  calculation  by  which  the  force  was  diminished  16  s  10" 

times,  they  would  have  feared  like  results. 

For  according  to  Thomson's  formula,  the  force  would  be  equal  to  a 
pressure  outwards  of 

__    V 


hich  amounts  to  no  less  than 

l,800j000  grms. 
per  square  eentimetTe!  or  10,000  kil.  per  square  inch!  Such  an  electro- 
static force  as  this  wonld  andonbtedly  tear  the  earth  to  pieces,  and  di»> 
tribute  its  fragments  to  the  attermost  parts  of  the  universe.  If  the 
moon  were  electrified  to  a  like  potential,  the  force  of  repulsion  would 
be  greater  than  the  gravitation  attraction  to  the  earth,  and  it  would 
fly  off  through  space. 

For  these  reasona  I  rejected  the  theory,  and  now  believe  that  the 
magnetism  of  the  earth  still  remains,  as  before,  one  of  the  great  mys- 
teries of  the  universe,  toward  the  solution  of  which  we  have  not  yet 
made  the  most  distant  approach. 

*TbBt  tbi*  it  not  too  grekt  maj  be  eitimkted  from  my  Berlla  experiment,  wbere  A 
dl«k  movlDK  5,000,000  times  >■  fut  aa  the  earth  wltb  a  potential  of  10,000  volta, 
produced  a  magnetic  force  of  jj,}g„  of  the  eartb'a  magnetlam, 

S,000,000x  10,000  K  60,000=3,500,000,000,000,000, 
which  la  of  tb«  aame  order  of  maf^nitiide  aa  the  qnantltj  calcnlated,  namely  Six 
10i>,     It  can  tie  seen  that  this  reiionlng  la  correct,  becaase  the  formnls  show  tbat 
two  Bpberee  of  noeqaal  aite,  rotating  wltb  eqnal  angular  velocitj  and  charged  to  the 
■ame  potential,  prodncs  the  aame  magaetlc  force  at  almilar  polnti  In  the  two  ayatems. 
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In  connection  with  the  theory  of  the  earth's  magnetism,  I  had  also 
framed  a  theory  of  the  Aurora  which  may  still  hold.  It  is  that  the 
earth  is  electrified,  and  naturally  that  the  electricity  resides  for  the 
most  part  on  the  exterior  of  the  atmosphere — ^and  that  the  air-currents 
thus  carry  the  electricity  toward  the  poles,  where  the  air  descending 
leayes  it — and  that  the  condensation  so  produced  is  finally  relieved 
hy  discharge. 

The  total  effect  would  thus  be  to  cause  a  difference  of  potential  be- 
tween the  earth  and  the  upper  regions  of  the  air  both  at  the  poles  and 
the  equator.     At  the  poles  the  discharge  of  the  aurora  takes  place  in 
the  dry  atmosphere.    At  the  equator  the  electrostatic  attraction  of  the 
ttrth  for  the  upper  atmospheric  layers  causes  the  atmosphere  to  be  in 
^Btttable  equilibrium.    At  some  spot  of  least  resistance  the  upper  atmos- 
phere rushes  toward  the  earth,  moisture  is  condensed,  and  a  conductor 
thus  formed  on  which  electricity  can  collect ;  and  so  the  whole  forms  a 
conducting  system  by  which  the  electric  potential  of  the  upper  air  and 
the  earth  become  more  nearly  equal.     This  is  the  phenomenon  known 
M  the  thunderstorm. 
Hence,  were  the  earth  electrified,  the  electricity  would  be  carried  to 
[   the  higher  latitudes  by  convection,  would  there  discharge  to  the  earth 
•    «8  an  aurora,  and  passing  back  to  the  equator  would  get  to  the  upper 
'^ons  as  a  lightning  discharge,  once  more  to  go  on  its  unending  cycle. 
Heave  tlie  details  of  this  theory  to  the  future. 

'      BtUimore,  May  30,  1879. 


Appendix, — Since  writing  the  above.  Professors  Ayrton  and  Perry's 

P^per  has  appeared  in  full;  and  I  am  thus  able  to  point  out  their  error 

^ore  exactly.     Their  formula  at  the  foot  of  page  406  is  almost  the 

tineas  mine;  but  on  page  407,  in  the  fourth  equation,  the  exponent  of 

» should  he  -\-  i  instead  of  —  ^,  which  increases  their  result  by  about 

W),000,000,  and  makes  it  practically  the  same  as  my  own. 

Botlerdam,  July  13. 


ON  THE  DIAMAGNETIC  CONSTANTS  OF  BISMUTH  AND 
CALC-SPAR  IN  ABSOLUTE  IfEASURE 

[Anurleaii  Joiirtml  of  ScUnct  [BJ,  XVin,  300-871,  1871)) 


Since  my  experimente  on  the  magnetic  constants  of  iron,  nickel  and 
cobalt,  I  have  sought  the  means  of  determining  those  of  some  diatuag^ 
notic  substances,  and  to  that  end  have  described  a  method  in  tiii* 
Journal  for  May,  1875  (vol.  ix,  page  357).  As  Mr.  Jacques,  Fellow  at 
the  University,  was  willing  to  take  up  the  experimental  portion,  IhsfO 
here  worked  up  the  subject  more  in  detail  and  brought  the  formni* 
into  practical  shape.  No  experiments  have  been  made  on  this  subjed 
80  far,  but  some  rough  comparisons  with  iron  have  been  made  bj 
Becquerel,  Plucker  and  Weber.  But  as  iron  varies  so  greally,  and  M 
the  methods  of  experiment  are  inexact,  we  cannot  be  said  to  bio* 
much  about  the  subject.  As,  however,  the  relative  results  of  thefli 
experiments  and  those  of  Faraday  can  be  accepted  as  reasonably  eiaol 
for  diamagnetic  substances  and  weak  paramagnetic  ones,  ii  is  oa^ 
necessary  to  make  a  determination  of  one  substance  such  as  bismutll 
and  then  the  rest  can  be  readily  found.  But  as  bismuth  is  very  ci 
tallinc  it  is  necessary  to  make  our  formulse  general,  unless  we  use  I 
muth  in  a  powder,  which  would  introduce  error. 

The  general  method  of  experiment  has  been  indicated  in  the  papl 
before  referred  to,  but  I  may  here  state  that  it  consists  in  count 
the  number  of  vibrations  made  by  a  bar  hung  in  the  usual 
between  the  poles  of  au  electromagnet.  The  distribution  of  the  mi 
netic  force  in  the  field  being  known,  we  can  then  calculate  the  foi 
acting  on  the  body,  and  the  comparison  of  thip  with  the  time  of  vibi 
tion  gives  us  the  means  of  determining  the  constant  sought.  But 
will  leave  the  more  exact  description  to  be  given  by  Mr.  Jacques 
experimental  part 


^ 
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EXPLOBATION    OF    FlELD 

Tlie  firet  operation  lo  be  performed  is  to  find  a  fontiula  to  express 
the  force  of  the  field  at  any  point,  and  an  experimental  means  of  deter- 
BiEing  it  in  absolute  measure.  The  magnet  used  was  one  on  the 
rartbod  of  Ruhmkorff,  and  hence  the  field  was  nearly  symmetrical 
Monnd  the  axis  of  the  two  branches,  and  also  with  respect  to  a  plane 
pwpendicidar  to  the  axis  at  a  point  midway  between  its  poles.  Should 
wj  wmt  of  symmetn-  exist  by  accident,  it  will  be  nearly  neutralized 
mitsefFect  on  the  final  result,  seeing  that  the  diamagnetic  bar  hangs 
"pnicettically. 

The  proper  expansion  of  the  magnetic  potential  for  this  case  is 
tlietefore  a  series  of  zonal  spherical  hanuonics,  including  only  the  un- 
(fffi  poffere.     Hence,  if  V  is  the  potential, 

r=A,Q/+ A,„Q„/ +  A,Q.r' +  etc,     .     .    .     .     (1> 

'W  T  is  tlie  distance  from  the  centre  of  symmetry,  Q^,  C„  etc., 
M*  the  spherical  harmonics  with  respect  to  the  angle  between  r  and 
ftfuii,  and  A,,  -1,„.  J.,  etc.,  are  constants  to  be  found  by  esperi- 
owu  The  only  method  known  of  measuring  a  strong  magnetic  field 
JiBi  accuracy  is  by  means  of  induced  currents,  and  in  this  case  I  have 
■•rf  I  modification  of  the  method  of  the  proof  plane  as  I  have  described 
it  b  this  Journal,  III,  vol.  x,  p.  14.  In  the  method  there  described  the 
«il«sa  to  be  drawn  rapidly  away  from  the  given  point:  in  the  present 
tw  the  coil  was  moved  along  the  axis,  thus  measuring  the  difference 
•(  4e  field  at  several  points;  on  then  placing  it  at  the  centre  and 
■fiiring  it  away,  the  field  was  measured  at  that  point.  The  field  at 
lie  other  points  along  this  axis  could  then  be  found  by  adding  the 
■*«»(nred  differoncc  to  this  quantity.  This  method  is  far  more  accu- 
itethan  the  direct  measurement  at  the  different  points. 
When  a  wire  is  moved  in  a  magnetic  field  the  current  induced  in  it 
ttfoal  to  the  change  of  its  potential  energy,  supposing  it  to  transmit 
DDil  eorrent,  divided  by  the  resistance  of  the  circuit.  The  potential 
n;gy  of  a  wire  in  a  magnetic  field  is  (Maxwell's  Elec.,  Art.  410). 


^=/('l^-^"-^r>. 


Ich  IB  simply  the  surface  integral  of  V  over  any  surface  whose  edge 
B  the  wire. 

D  the  present  case,  take  the  axis  of  x  in  the  direction  of  the  axis  of 
poles  and  the  ^irface,  S,  parallel  to  the  plane  YZ,  and  let  p  be  the 


and 

where  /i  =  cos^, 


7f 
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distance  in  this  plane  from  the  centre  of  the  coil  we  are  calculating. 
Then 

for  a  single  circle. 
Proin(l)  ^=.".(»  +  l)^.^y^, 

p=-  2^2f+'s(i + 1)  ^.+.  r  9^ , 

For  a  circle  of  rectangular  section  we  must  obtain  the  mean  value  of 
this  quantity  throughout  the  section  of  the  coil. 

where  rr^  and  p^  are  the  values  of  x  and  p  at  the  centre  of  section  and 
7j  and  f  are  the  width  and  depth  of  the  groove  in  which  the  coil  ifl 
wound.  We  can  calculate  this  quantity  best  by  the  formula  of  Maxwell 
(Electricity,  Art.  700), 

Thus  we  finally  find 

H-i.l.^;r:H-etc.j (2) 

It  is  by  aid  of  this  equation  that  we  find  the  coefficients  -4,,  A„^i 
etc.  in  the  expansion  of  the  magnetic  potential,  F.  For,  let  the  coil 
be  moved  in  the  field  from  a  position  where  M  has  the  value  W  to 
where  it  has  the  value  M" :  then  if  the  coil  be  joined  to  a  galvanometer 
the  current  induced  will  be  equal  to 

where  R  is  the  resistance  of  the  circuit.  If  an  earth  inductor  is  in- 
cluded in  the  circuit  whose  integral  area  is  Ey  when  it  is  reversed  the 

current  is  —        where  //  is  the  component  of  the  earth's  magnetism 


i 
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perpendicular  to  the  plane  of  the  inductor.  The  current  as  measured 
by  the  galvanometer  in  the  first  case  will  be  C  sin  ^  5  (1  -f-  ^X)  and  in 
the  second  C  sin  i  D  (1  +  i^),  where  C  is  the  constant  of  the  galvano- 
meter and  k  is  the  logarithmic  decrement. 

Hence 

Kj:^  =  Ca\nid(l  +  U), 

sm  i  D 

In  this  way  we  can  obtain  a  series  of  equations  containing  A^,  A^^^y 
etc.,  and  can  thus  find  these  by  elimination. 

This  completes  the  exploration,  and  we  have  as  a  result  a  formula 
giving  the  magnetic  potential  of  the  field  in  absolute  measure  through- 
out a  certain  small  region  in  which  we  can  experiment. 

The  next  process  is  to  consider  the  action  of  this  field  upon  any  body 
thich  we  may  hang  in  it. 

Cbystalline  Body  in  Magnetic  Field 

Let  the  body  have  such  feeble  magnetic  action  that  the  magnetic 
is  not  very  much  influenced  by  its  presence.    In  all  crystalline 
wbetances  we  know  there  exist  in  general  three  axes  at  right  angles 
^  each  other,  along  which  the  magnetic  induction  is  in  the  direction  of 
tte  magnetic  force.    Let  Jc^,  Jc^  and  k^  be  the  coefficients  of  magnetiza- 
tion in  the  directions  of  these  axes  and  let  a  set  of  coordinate  axes  be 
^f^wn  parallel  to  these  crystalline  axes,  the  coordinates  referred  to 
*^liich  are  designated  by  a^,  y'  and  2',  and  the  magnetic  components  of 
[  the  force  parallel  to  which  are  X',  F'  and  Z\ 
The  energy  of  the  crystalline  body  will  then  be 

In  most  cases  it  is  more  convenient  to  refer  the  equation  to  axes  in 
§ome  other  direction  through  the  crystal.     Let  these  axes  be  X,  Y,  Z, 
Then 

x  =  afa  +//5  -\-z'y 
zz=7fa"^-y\^'^-z'f 

5?      dx         dy'^      dz 
T  =  etc. 
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whete Oj^xi  ^t?%i\  ^^^ ^% ^^  f^  ^^  ^®  directioxi  coaines  of  the 
new  az6B  with  ref ereiu»  to  the  oUL 
We  then  find 

The  most  shnple  end  in  many  lespecte  the  meet  interesting  cases 
are  when  the  crystal  has  only  one  optic  or  magnetic  axis.  In  this 
case  I^  :=  Ig. 

Sbnce 

where  a,  d  and  oP  are  the  direction  cosines  of  the  magnetic  axis  with 
reepect  to  the  coordinate  axes. 

The  first  case  to  consider  is  that  of  a  mass  of  crystal  in  a  nnif orm 
magnetic  field.  The  magnetic  forces  which  enter  the  equation  are 
those  due  to  the  magnetic  action  of  the  body  as  well  as  to  the  field  in 
which  the  body,  is  placed.  In  the  case  of  very  weak  magnetic  or 
diamagnetic  bodies  the  forces  are  ahnost  entirely  those  of  the  field  alone. 
Hence  in  the  case  nnder  consideration  we  may  put  F=0  and  Z  =  0. 

Hence 

E=^hrffX^{{k,-k;)a'  +  Jc;)dxdydz, 

and  if  v  is  the  volume  of  the  body 

As  this  expression  is  the  same  at  all  points  of  the  field  there  is  no 
force  acting  to  translate  the  body  from  one  part  of  the  field  to  another. 
The  moment  of  the  force  tending  to  increase  ^,  where  ip  =  cos'^a,  is 

—  -^  =vX^  (^i~"*t)  sin  sf  cos  ^  . 

By  observing  the  moment  of  the  force  which  acts  on  a  crystal  placed 
in  a  uniform  magnetic  field  we  can  thus  find  the  value  of  k^  —  Ajj  or 
the  difference  of  the  magnetic  constant  along  the  axis  and  at  right 
angles  to  it.  The  differences  of  the  constants  can  also  be  found  in  the 
case  of  crystals  with  three  axes  by  a  similar  process. 

The  next  case  which  I  shall  consider  is  that  of  a  bar  hanging  in  a 


DiAMAGNETIC   CONSTANTS   OF   BiSMUTH   AND   CaLC-SpAR  189 

magnetic  field.  Let  the  field  be  symmetrical  around  an  horizontal  axis, 
and  also  with  reference  to  a  plane  perpendicular  to  that  axis  at  the 
centre.  If  the  bar  is  very  long  with  reference  to  its  section  and  a 
plane  can  be  passed  through  it  and  the  axis  we  must  have  Z  =  0,  and 
the  equation  becomes 

Let  the  axis  of  X  coincide  with  the  long  axis  of  the  bar,  as  this  will 
in  the  end  lead  to  the  most  simple  result,  seeing  that  we  have  to  inte- 
grate along  the  length  of  the  bar. 

I^t  f  be  the  length  along  the  bar  from  the  centre  to  any  point,  and 
fet  Jhe  the  angle  made  by  the  bar  with  the  axis  of  symmetry:  then 

X=-^  yr^_lj?F. 

dr  r  de^ 

tbo  let  the  section  of  the  bar  be 

a  =  dy  dz 

todlet  the  axis  of  the  bar  pass  through  the  origin  from  which  we  have 
developed  the  potential  in  terms  of  spherical  harmonics.  We  can  then 
^te  as  before 

^J^ere  Q^  Q^^^^  etc.,  are  zonal  spherical  harmonics  with  reference  to 
tte  angle  0, 

X=-{J,e,  +  3J,,,e,,/+5Ae,r*+etc.} 
r=  +  {^,e;  +  ^,,,<?5,/+J.e:r*+etc.}8in(? 

from  which  we  have  the  following: 

i'=A\Q*,  +  ^A\,ff,y  +  'i.hAxq^y  +  ^A,A,„q,q„f 

'  +  10A,A,Q,Qy  +  ZOA,„A,Q,,,Qy  +  etc., 

r'={A]Q';  +  A]„Q';y  +  A,Q':f'  +  2A,A,„Q:Q',y 

+  2A,A,Q\Q',r*  +  2A,„A,Q'„,Q',t'  +  etc.}  sin'O, 

ir=  -  \A\Q,Q',  +  ZA-.,.Q...Q'„.r*  +  bA\Q,Qf,r'  +  {ZQ^.Q,,, 

+  Q.(^J^.A..f  +  i^Wr  +  Qff,)A,Ay  +  {bQf,„Q, 
+  3(>„,^;)  A,„A,T'  +  etc  }  sin  <>. 

rhe  moment  of  the  force  tending  to  increase  d  is 

Aence  we  may  write, 

=  -  J  a{  J((A.  —  *.)  «•  +  k,)  +  B ((*.  —  k,)  «"  ■¥h)  —  C  (*.  -  h)  aa'\, 


t 


I* 


,1  (•.■J.J,=«»»I.J-." 
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A  =  ihme\  (A]  +  II  A]  J  +  1,^  A\e  -  dA  ,A  ,p  +  V-  ^s^J^ 
^^A.^^V)!.  +  (-  27^!,/  -  AsjA  AU'  +  10A,A,^V 

+  i|l^,^^  -  ^^  A^^^A^P)  ;*•  +  (-  1-*^  A^P^^^i.  ^//^rJ*) /^' 

Or  we  can  write 

^  =  4/  sin  <?  { Z/i  +  ZV+  -CV  +  etc. }, 
B-^l  sin  <?  { J//1  +  i/V  +  etc.  f, 
C  =  2/  { JV  +  JVV  +  JV^V  +  etcf, 

where  the  values  of  L,  if,  etc.,  are  apparent. 
To  smn  up  we  may  then  write  as  before 

where  -4, 5  and  C  are  the  quantities  we  have  found,  a  is  the  cosine  of 
the  angle  made  by  the  axis  of  the  crystal  with  the  axis  of  the  bar,  and  a' 
i  the  cosine  of  the  angle  made  by  the  same  axis  with  a  horizontal  line 
«t  right  angles  to  the  bar. 
The  equation 

pxes  equilibrium  at  some  angle  depending  on  a  and  a',  and  if  either  of 
hese  is  zero  the  angle  can  be  either  #=0  or  ^/T,  one  of  which  will  be 
table  and  the  other  unstable  according  as  the  body  is  para-  or  dia- 

lagnetie. 

For  a  diamagnetic  crystal  like  bismuth  with  the  axis  at  right  angles 
►  the  bar  we  can  put 

fjL  =  cos  ^  =  sin  i/'  and  a  =  0 , 
id  we  can  write 
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1 

■ 

e  =  - 

+  «[(*, -I,)"" +  *.!*;■  + 

ir, 

.■  +  etcj|     ■ 

or  for  ■ 

ttry  email  values  of/iwe  can  write  in  terms  of  (.'' 

1 

If  /  is  the  moment  of  inertia  of  the  bar  and  ( is  the  time  of  a  single    ^^ 
vibration,  we  may  write                                                                                            ^^ 

.  =  /^-.'. 

■ 

If  well 

lang  up  the  bar  so  that  0*^0  we  have 

m 

and  if 

we  hang  it  up  so  that  a'  ;=  J/r  we  have  again 

whenc* 

I 

^^^              where 

*.  =  -i(.^-^. 

^ 

9     izt 

+  'i 
•i.f  ■ 

i  +  Jf  =  3A,A„,P  -  (^  A]„  +  Y  A,A,)V  +  3^  A,„A^  -  \\  J'.P. 

For  a  cleavage  bar  of  calc  spar  we  must  use  the  general  equation. 
For  eqailibrinm  we  have 

i,{^a'  +  ^-i*"  -  Ca.,i'\  +  i.)  J  (1  -a')  +  5(1  -a")  +  Co.J\  =  0, 
which  gives  us  the  ratio  of  A;,  to  it,.     For  this  experiment  it  is  best  to 
hang  up  the  bar  so  that  the  axia  is  in  the  horizontal  plane  and  we 
should  then  have 

For  obtaining  another  relation  it  is  best  to  suspend  the  bar  with  a?^0 
and  we  then  have  the  position  of  stable  equilibrium  at  the  point  d  =  }n 
which  gives 
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"'I  /  ^i  J  "'I 

these  various  equations  give  the  complete  solution  of  the  problem  of 
finding  the  various  coeflBcients  of  magnetization. 


Part  II. —Bt  W.  W.  Jacques 

In  the  foregoing  part  of  this  paper  there  have  been  deduced  mathe- 
niatical  expressions  for  the  constants  k  and  Ttf  both  for  bismuth  and 
for  calc-spar  crystals.  In  these  expressions  it  is  necessary  to  substitute 
certain  quantities  obtained  by  a  series  of  experiments,  and  it  is  the 
pwpose.of  the  remaining  pori;ion  of  the  paper  to  describe  briefly  the 
^y  in  which  these  quantities  were  obtained. 

These  experiments  are  naturally  divided  into  two  pari;s.  First,  the 
«ploration  of  the  small  magnetic  field  between  the  two  poles  of  the 
electromagnet,  and  second,  the  determination  of  the  time  of  swing  and 
certain  other  constants  relating  to  little  bars  of  the  substances  experi- 
n^ented  upon  when  suspended  in  this  field. 

In  order  to  insure  the  constancy  of  the  magnetic  field,  a  galvano- 
BJeter  and  variable  resistance  were  inserted  in  the  circuit  through 
rtfch  the  magnetizing  current  circulated.  This  space  between  the 
poles  of  the  electromagnet  in  which  the  experiments  were  performed 
^  a  little  larger  than  a  hen's  egg. 

The  method  of  exploring  this  field  was  as  follows :  In  the  line  join- 
ing the  centre  of  the  two  poles  was  placed  a  little  brass  rod,  along 
vhich  a  very  small  coil  of  fine  wire  was  made  to  slide.     To  this  rod 
i^ere  fixed  two  little  set-screws  to  regulate  the  distance  through  which 
the  coil  could  be  moved.     Starting  now  always  from  the  centre,  the 
eofl  was  moved  successively  through  distances  a,  6  and  c,  and  the  cor- 
iesponding  deflections  of  a  delicate  mirror  galvanometer  contained  in 
the  circuit  were  noted.     To  each  of  these  deflections  was  added  the 
deflection  due  to  quickly  pulling  the  coil  away  from  the  centre  to  a 
ibtance  such  that  the  magnetic  potential  was  negligibly  small.     Of 
sonrse,  experiments  were  made  on  both  sides  of  the  centre  of  the  field 
0  order  to  eliminate  any  want  of  symmetry,  and  the  distances  through 
Aich  the  coil  moved  were  all  carefully  measured  with  a  dividing  engine. 
In  order  to  reduce  the  deflections  of  the  galvanometer  to  absolute 
13 
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mmgase,  sn  earth  inductor  wm  indvdad  in  tlie  drcnit  witli  the  litHi 
ooil  and  gdwiometer  and  the  defleetions  prodneed  bj  thia  were  oom- 
paied  with  thoae  prodneed  bj  mofing  the  little'  coiL  Theae  deOeetiaiia 
vere  taken  between  ereiy  two  obaer?ations  with  the  little  eoiL 

The  deflections  dne  to  mofing  the  little  ooily  thoee  due  to  the  eartb 
ittdnetor  and  that  dne  to  pnlliog  the  ooil  away  from  the  centre  are 
gEfen  in  the  following  taUe: 

DtoteBMo.  DtiUsMl.  IM«Uaot«. 

Coil   4-407cnL  9-656cnL  6-868Gm. 

Earth  indnotor  ....  88*188  cm.       88*187  col        88-162  enu 
Drawing  coil  away  from  centre 57*416  cm. 

In  order  to  determine  the  proper  qnantiitieB  for  subititation  in  the 
ezpraiiion  for  the  magnetic  potential  of  the  fields  it  waa  neeeeaaiy  to 
meaanre,  beaidea,  the  deflections  due  te  the  little  coil  when  mored 
through  Tarions  distances  and  those  dne  to  the  earth  inductor. 

TbB  mean  radius  of  the  small  coil =  -8912  col 

Number  of  turns    =83* 

Widthifcon =  1824cm. 

Depth  of  coil =  -1212  cul 

Integral  area  of  earth  inductor. =20716*2  cm. 

Horisontal  intensity  of  earth's  magnetism. . . .  =  -1984  cgs. 

The  quotient  of  the  mean  radius  of  the  coil  by  the  distance  moTed 
gave  tan  0. 

The  linear  measurements  were  made  with  a  dividing  engine. 

The  horizontal  intensity  of  the  earth's  magnetism  was  determined 
by  measuring  the  time  of  swing  of  a  bar  magnet  and  its  effect  upon  a 
smaller  galvanometer  needle.  The  proper  substitution  of  these  quan- 
tities in  the  formula  given  gave  the  expression  in  absolute  measure 
for  the  magnetic  potential  at  any  part  of  the  field. 

The  remaining  part  of  the  experiment  and  the  part  that  was  attended 
with  greatest  diflSculty,  was  to  prepare  little  bars  of  the  substances  and 
to  determine  the  times  of  vibration  of  these  when  suspended,  first  with 
the  axis  vertical  and  then  with  it  horizontal  in  the  magnetic  field. 
Besides  this,  the  dimensions  and  the  moment  of  inertia  of  each  bar  had 
to  be  determined,  and,  in  the  case  of  the  calc-spar,  the  angle  the  bar 
made  with  the  equatorial  line  of  the  poles  when  in  its  position  of  equi- 
librium, had  to  be  measured. 

Bismuth  and  calc-spar  were  the  two  crystals  experimented  upon; 
quite  a  number  of  other  substances  were  tried  but  failed  to  give  good 
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results  because  of  the  iron  contained  in  them  as  an  impurity.  The 
bare  were  each  about  15  mm.  long  and  about  2  mm.  in  cross  section. 
The  force  to  be  measured  being  only  about  00000001  of  that  exerted  in 
the  case  of  iron  it  was  necessary  to  carry  out  the  experiments  with  the 
very  greatest  care. 

In  order  to  obtain  bars  free  from  iron,  very  fine  crystals  of  chemically 
pure  substances  were  selected  and  the  bars  cleaved  from  them.  They 
▼ere  then  polished  with  their  various  sides  parallel  to  the  cleavage 
planes  by  rubbing  on  clean  plates  of  steatite  with  oil.  In  order  to 
remoYe  any  particles  of  iron  that  might  have  collected  upon  them 
during  these  processes,  they  were  carefully  washed  with  boiling  hydro- 
chloric acid  and  with  distilled  water  and  then  wrapped  in  clean  papers, 
and  never  touched  except  after  washing  the  hands  with  hydrochloric 
acid  and  distilled  water. 

In  order  to  reduce  to  a  minimum  the  causes  that  might  interfere 
▼ith  the  accurate  determination  of  the  times  of  vibration  of  these  bars 
the  poles  of  the  magnet  were  encased  by  a  box  of  glass.     From  the  top 
of  this  a  tube  four  feet  long  extended  up  toward  the  ceiling,  and  inside 
tkis  was  hung  a  single  fibre  of  silk  so  small  as  to  be  barely  visible  to 
the  naked  eye.     The  bars  were  placed  in  little  slings  of  coarser  silk 
fibre  and  suspended  by  this.    Outside  the  glass  case  was  a  microscope 
placed  horizontally  and  having  a  focus  of  about  six  inches.     This  was 
f    directed  toward  the  suspended  bar,  and  when  the  latter  was  at  rest  the 
cross  hairs  of  the  microscope  fell  upon  a  little  scratch  in  one  end  of  the 
kar.   Xear  by  was  a  telegraph  sounder  arranged  to  tick  seconds.     The 
bar  was  set  swinging  through  a  small  arc  by  making  and  breaking  the 
current,  and  the  interval  between  two  successive  transits  of  the  little 
scratch  on  the  bar  by  the  cross  hairs  of  the  microscope  was  measured 
in  seconds  and  tenths  of  a  second  by  the  ear.    By  keeping  count  through 
a  large  number  of  successive  transits  the  time  of  a  single  swing  could 
ke  determined  with  very  great  accuracy.     The  bar  was  caused  to  swing 
only  through  a  few  degrees  of  arc  and  such  small  correction  for  ampli- 
tude as  was  found  necessary  was  applied.     The  time  of  swing  was  deter- 
ttined  first  with  the  axis  vertical  and  then  with  it  horizontal.     But 
.besides  the  time  of  swing  of  each  bar  it  was  necessary  to  measure :  the 
length ;  area  of  section;  moment  of  inertia  in  each  position ;  and  for  the 
oJc-Fpar  bar  the  angle  it  made  with  the  equatorial  plane  of  the  magnet 
when  in  its  position  of  equilibrium.     This  was  not  necessary  in  the 
ase  of  bismuth,  because  its  position  of  equilibrium  lay  in  the  equatorial 
^ne. 
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BlSMlTTH. 

Time  o(  Moment  of  Half  Area  of 

8w[Dg.  Insrtia.  lengtti.  Bectloa. 

Axis,  ?ertical T-lSaec.        -10976  028. 

Alia,  horizontal sreaec.        -10943  089.       -""Som.    -OST^Scm-J 

Calc-Spar. 

Time  of     Moment  of  Half  Arei  of 

■wtng.  Inertia,  lengtb.         section. 

Axis,  vertical  46-35Bec.  -0303ces.  .    _- 

,    .     ,      ■       ,  ,  ,„  ^n  mn«  ■8015  cm.     ■0300  cm.    50'iMTl 

Axis,  horizontal 43-398ec.   'OSOOcga.  ^   ' 

The  linear  meagurementa  were  made  with  a  dividing  engine,  tha  J 
moments  of  inertia  were  calculated  from  the  dimensions  of  the  barK  I 
The  angle  at  which  the  ca!e-spar  stood  was  measured  by  projecting  the  4 
linear  axis  on  a  scale  placed  at  a  distance. 

The  above  quantities  being  all  determined  and  properly  aubstitutad,  J 
the  solution  of  the  equations  gave  for 

Bismuth    k,  =—000  000  012  554 

A„  =  —  000  000  014  334 

Calc-spar      fc,  =  —  'OOO  000  037  930 

4,,  =  —  000  000  040  330 
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PBELIMINARY  NOTES  ON  MR.  HALL'S  RECENT  DISCOVERY ' 

[Momphieal  Magazine  [5],  /X,  482-484,  1880 ;  Proceedings  of  the  Physical  Society,  IV, 
10-18,  1880 ;  AmeHcan  Journal  of  Mathematics,  II,  354-356,  1879] 

The  recent  discovery  by  Mr.  Hall  *  of  a  new  action  of  magnetism  on 
electric  currents  opens  a  wide  field  for  the  mathematician^  seeing  that 
we  must  now  regard  most  of  the  equations  which  we  have  hitherto  used 
in  electromagnetism  as  only  approximate,  and  as  applying  only  to  some 
ideal  substance  which  may  or  may  not  exist  in  nature,  but  which  cer- 
tainly does  not  include  the  ordinary  metals.  But  as  the  effect  is  very 
nnall,  probably  it  will  always  be  treated  as  a  correction  to  the  ordinary 
egnatioiis. 

The  facts  of  the  case  seem  to  be  as  follows,  as  nearly  as  they  have 

jet  been  determined: — ^Whenever  a  substance  transmitting  an  electric 

current  is  placed  in  a  magnetic  field,  besides  the  ordinary  electromotive 

loTce  in  the  medium,  we  now  have  another  acting  at  right  angles  to  the 

current  and  to  the  magnetic  lines  of  force.     Whether  there  may  not  be 

also  an  electromotive  force  in  the  direction  of  the  current  has  not  yet 

been  determined  with  accuracy;  but  it  has  been  proved,  within  the  limits 

of  accuracy  of  the  experiment,  that  no  electromotive  force  exists  in  the 

direction  of  the  lines  of  magnetic  force.     This  electromotive  force  in  a 

giren  medium  is  proportional  to  the  strength  of  the  current  and  to 

the  magnetic  intensity,  and  is  reversed  when  either  the  primary  current 

or  the  magnetism  is  reversed.     It  has  also  been  lately  found  that  the 

direction  is  different  in  iron  from  what  it  is  in  gold  or  silver. 

To  analyze  the  phenomenon  in  gold,  let  us  suppose  that  the  line  A  B 
represents  the  original  current  at  the  point  Ay  and  that  B  C  v&  the  new 
effect.  The  magnetic  pole  is  supposed  to  be  either  above  or  below  the 
paper^  as  the  case  may  be.  The  line  A  C  will  represent  the  final 
resultant  electromotive  force  at  the  point  A.  The  circle  with  arrow 
represents  the  direction  in  which  the  current  is  rotated  by  the  mag- 
netism. 

1  From  the  American  Journal  of   Mathematics.     Communicated  by  the  PhjBical 
Society. 

« Pbil.  Mag.  [5],  ▼ol.  ix,  p.  225. 
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Tt  is  seen  that  all  these  effects  are  euch  as  would  hq^ten  were  the  ' 
electric  current  to  he  rotated  in  a  fixed  direction  with  nspact  to  flw 
lines  of  magnetic  force,  find  to  an  amount  depending  oa^  on  the  Ml^ 
netic  force  and  not  on  the  current.  This  fact  edeou  to  point  immn 
diately  to  that  other  very  important  case  of  rntalion,  namely  the  iot»- 
tion  of  the  plane  of  polarization  of  light.  F(ir,  by  Htxwell's  theoij, 
light  is  an  electrical  phenomenon,  and  consists  of  waves  of  eleetrio^ 
displacement,  the  currents  of  displacement  being  at  li^t  angles  to  the 
direction  of  propagation  of  the  light.  If  the  action  we  ^re  now  con- 
aidering  takes  place  in  dielectrics,  which  point  Mr.  MtU  a  now  inrett^ 
gating,  the  rotation  of  the  plane  of  polarization  of  light  is  QXpUined. 

I  give  the  following  very  imperfect  theory-  at  this  stage  of  the  paper, 
hoping  to  finally  give  a  more  perfect  one  either  in  this  paper  at  t, 
later  one. 

Korth  Pole  above. 


Let  $  he  the  intensity  of  the  magnetic  field,  and  let  E  be  the  original 

electromotive  force  at  any  point,  and  let  c  he  a  constant  for  the  given 
medium.     Then  the  new  electromotive  force  E'  will  he 


and  the  final  electromotive  force  will  he  rotated  through  an  angle  which 
will  be  very  nearly  equal  to  c^.  As  the  wave  progresses  through  the 
medium,  each  time  it  (the  electromotive  force)  is  reversed  it  will  be 
rotated  through  this  angle;  so  that  the  total  rotation  will  be  this  quan- 
tity multiplied  by  the  number  of  waves.  If  i  is  the  wave-length  in  air, 
and  *  is  the  index  of  refraction,  and  c  is  the  length  of  medium,  then 
the  number  of  waves  will  be  -y,  and  the  total  rotation 

The  direction  of  rotation  is  the  same  in  diamagnetic  and  ferromag* 
netic  bodies  as  we  find  by  experiment,  being  different  in  the  two;  for  it 
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is  well  known  that  the  rotation  of  the  plane  of  polarization  is  opposite 
in  the  two  media^  and  Mr.  Hall  now  finds  his  effect  to  be  opposite  in 
the  two  media.  This  result  I  anticipated  from  this  theory  of  the 
magnetic  rotation  of  light. 

But  the  formula  makes  the  rotation  inversely  p'roportional  to  the 
wave-length,  whereas  we  find  it  more  nearly  as  the  square  or  cube. 
This  I  consider  to  be  a  defect  due  to  the  imperfect  theory;  and  it  would 
poesibly  disappear  from  the  complete  dynamical  theory.  But  the  for- 
mula at  least  makes  the  rotation  increase  as  the  wave-length  decreases, 
which  is  according  to  experiment.  Should  an  exact  formula  be  finally 
obtained,  it  seems  to  me  that  it  would  constitute  a  very  important  link 
in  the  proof  of  MaxwelFs  theory  of  light,  and,  together  with  a  very 
eiact  measure  of  the  ratio  of  the  electromagnetic  to  the  electrostatic 
™t8  of  electricity  which  we  made  here  last  year,  will  raise  the  theory 
tlmoBt  to  a  demonstrated  fact.  The  determination  of  the  ratio  will 
be  published  shortly;  but  I  may  say  here  that  the  final  result  will  not 
vary  much,  when  all  the  corrections  have  been  applied,  from  299,700,000 
metres  per  second;  and  this  is  almost  exactly  the  velocity  of  light.  We 
cannot  but  lament  that  the  great  author  of  this  modem  theory  of  light 
18  not  now  here  to  work  up  this  new  confirmation  of  his  theory,  and 
that  it  is  left  for  so  much  weaker  hands. 

But  before  we  can  say  definitely  that  this  action  explains  the  rota- 
tion of  the  plane  of  polarization  of  light,  the  action  must  be  extended 
to  dielectrics,  and  it  must  be  proved  that  the  lines  of  electrostatic 
•rtion  are  rotated  around  the  lines  of  force  as  well  as  the  electric  cur- 
rents.   Mr.  Hall  is  about  to  try  an  experiment  of  this  nature. 

lam  now  writing  the  full  mathematical  theory  of  the  new  action,  and 
liope  to  there  consider  the  full  consequences  of  the  new  discovery. 


Addition. — I  have  now  worked  out  the  complete  theory  of  the  rota- 
tion of  the  plane  of  polarization  of  light,  on  the  assumption  that  the 
displacement  currents  are  rotated  as  well  as  the  conducted  currents. 
The  result  is  very  satisfactory,  and  makes  the  rotation  proportional  to 

I5,  which  agrees  very  perfectly  with  observation.  The  amount  of  rota- 
ion  calculated  for  gold  is  also  very  nearly  what  is  found  in  some  of 
he  substances  which  rotate  the  light  the  least.  Hence  it  seems  to  me 
hat  we  have  very  strong  ground  for  supposing  the  two  phenomena  to 
e  the  same. 


The  great  intereet  which  is  now  being  felt  throughout  the  civiliMi 
world  in  the  succees  of  the  various  attempte  to  light  bouses  by  ele« 
tricity,  together  with  tbe  contradictory  stateraent8  made  with  reepeo^ 
to  Mr.  Edison's  method,  have  induced  us  to  attempt  a  brief  ezuninar 
tion  of  tbe  efficiency  of  his  light.  We  deemed  this  the  more  importao^ 
becausL"  most  of  the  information  on  the  subject  has  not  been  giveo  t< 
the  public  in  a  trustworthy  form.  We  have  endeavored  lo  make  ( 
brief  but  conclusive  test  of  the  ciiieieney  of  the  light,  that  is,  th< 
amount  of  light  which  could  be  obtained  from  one  horse  power  of  worl 
given  out  by  the  Bteam  engine.  For  if  tbe  light  be  economical,  tb< 
minor  points,  such  as  making  the  carbon  strips  last,  can  undoubtedly 
be  put  into  practical  shape. 

Three  methods  of  testing  the  efficiency  presented  themselves  to  n 
The  first  was  by  means  of  measuring  the  horse  power  required  to  dtT" 
the  machine,  together  with  the  number  of  lights  which  it  would  give. 
But  the  dynamometer  was  not  in  very  wood  working  order,  and  it  vat 
difBcult  to  determine  the  number  of  lights  and  their  photometric 
power,  as  they  were  scattered  throughout  a  long  distance,  and  so  thil 
method  was  abandoned.  Another  method  was  by  measuring  the  n 
ance  of,  and  amount  of,  current  passing  through  a  single  lamp.  But 
the  instruments  available  for  this  purpose  were  very  rough,  and  « 
this  method  was  abandoned  for  the  third  one.  This  method  cousistei 
in  putting  the  lamp  under  water  and  observing  the  total  amount  of  hert 
generated  fa  the  water  per  minute.  For  this  purpose,  a  calorimeter 
holding  about  1}  kil.  of  water,  was  made  out  of  very  thin  copper:  thi 
lamp  was  held  firmly  in  the  centre,  so  that  a  stirrer  could  work  aroui 
it.  The  temperature  was  noted  on  a  delicate  Baudin  thermometfl 
graduated  to  01°  C. 

As  the  esperiment  was  only  meant  to  give  a  rough  idea  of  t 
efficiency  within  two  or  three  per  cent,  no  correction  was  made  t« 
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radiation,  but  the  error  was  avoided  as  much  as  possible  by  having  the 
mean  temperature  of  the  calorimeter  as  near  that  of  the  air  as  possible, 
and  the  rise  of  temperature  small.  The  error  would  then  be  much  less 
than  one  per  cent.  A  small  portion  of  the  light  escaped  through  the 
apertures  in  the  cover,  but  the  amount  of  energy  must  have  been  very 
minute. 

In  order  to  obtain  the  amount  of  light  and  eliminate  all  changes  of 
the  engine  and  machine,  two  lamps  of  nearly  equal  power  were  gener- 
ally used,  one  being  in  the  calorimeter  while  the  other  was  being 
measured.  They  were  then  reversed  and  the  mean  of  the  results  taken. 
The  apparatus  for  measuring  the  light  was  one  of  the  ordinary  Bunsen 
Qtttniments  used  for  determining  gas-lights,  with  a  single  candle  at 
ten  inches  distance.  The  candles  used  were  the  ordinary  standards, 
fc^ffning  120  grains  per  hour.  They  were  weighed  before  and  after 
^  experiment,  but  as  the  amount  burned  did  not  vary  more  than 
™ie  per  cent  from  120  grains  per  hour,  no  correction  was  made. 

Ab  the  strips  of  carbonized  paper  were  flat,  very  much  more  light 
**8  given  out  in  a  direction  perpendicular  to  the  surface  than  in  the 
plwe  of  tKe  edge.  Two  observations  were  taken  of  the  photometric 
P^er,  one  in  a  direction  perpendicular  to  the  paper,  and  the  other 
^  the  direction  of  the  edge,  and  we  are  required  to  obtain  the  average 
"gtt  from  these.  If  L  is  the  photometric  power  perpendicular  to  the 
l*per,  and  I  that  of  the  edge,  then  the  average,  ^  will  evidently  be 
^nearly 

cos  a  sin  a  d  a  -\-l  I     sin^  a  d  a, 

in  the  paper  lamps  we  found  l  =  ^L  nearly;  hence  )s  =%L  nearly. 
Jle  lamps  used  were  as  follows : 


No. 

Kind  of  Carbon. 

Size  of  Carbon. 

580 

Paper. 

Large. 

201 

(1 

tt 

850 

i( 

Small. 

809 

i( 

ti 

'     817 

Fibre. 

Large. 

Approximate 
resistance  when  cold. 


147  ohms. 
147 

170       ** 
154 

87       «« 


The  capacity  of  the  calorimeter  was  obtained  by  adding  to  the  capac- 
y  of  the  water,  the  copper  of  the  calorimeter  and  the  glass  of  the 


I 
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lamp  and  thermometer.     The  calorimeter  and  cover  weighed  O-lOj 
kil.  and  the  lamps  about  0'035  kil. 

First  experiment,  No.  201  in  calorimeter  and  No.  580  in  phol 
capacity  of  calorimeter  =  1'153  +  009  +  -007  =  1-169  kil.  The  I 
temperature  rose  from  18°-28  C.  to  23°-n  C.  in  five  minutes,  or  I'-TS  | 
F.  in  one  minute.  Taking  the  mechanical  equivalent  as  .75-,  which  ii 
about  right  for  the  degreed  of  this  thermometer,  this  corresponds  ttf  I 
an  expenditure  of  348(5  foot  pounds  per  minute.  The  photometric  | 
power  of  No.  580  was  17-5  candles  masimura,  or  13-1  mean,  i. 

When  the  lamps  were  reversed,  the  result  was  3540  foot  pounds  for 
No.  580.  and  a  power  of  13-5  or  10-1  candles  mean.  The  mean  of 
these  two  gives,  therefore,  a  power  of  3513  foot  pounds  per  miunte  for 
11-6  candles,  or  109-0  candles  to  the  horse  power. 

To  test  the  change  of  efficiency  when  the  temperature  varied,  wie 
tried  another  experiment  with  the  same  pair  of  lamps,  and  also  used 
some  others  where  the  radiating  area  was  smaller,  and,  consequently, 
the  temperature  had  to  be  higher  to  give  out  an  equal  light. 

We  combine  the  results  in  the  following  table,  having  calculated  the 
number  of  candles  per  indicated  horse  power  by  taking  70  per  cent  of 
the  calculated  value,  thus  allowing  about  30  per  cent  for  the  friction 
of  the  engine,  and  the  loss  of  energy  in  the  magneto-electric  machine, 
heating  of  wires,  etc.  As  Mr.  Edison's  machine  is  undoubtedly  one  of 
the  most  efficient  now  made,  it  is  believed  that  this  estimate  will  be 
found  practically  correct.  The  experiment  on  No.  817  was  made  by 
observing  the  photometric  power  before  and  after  the  calorimeter 
experiment,  as  two  equal  lamps  could  not  be  found.  As  the  fibre  wis 
round,  it  gave  a  nearly  equal  light  in  all  directions  as  was  found  1 
experiment. 


-S"" 

PhohJinetrlo  Power. 

1 

i 

Is 

1 

i;ii« 

m 

meter. 

Photo- 
meter 

St 

AveTBge, 

201 

680 

201 

SOU 

a 

580 
201 
301 

MO 

850 
T 

13-5 

SS-5 

IBO 

ia.3 

13-1 
lO'l 
SS'S 
33' 5 
U-8 
O-S 
IT-S 

a. 83 
a. 7* 
a  TS 

3,81 

a, 78 
a. 7a 

I'.oa 
a-.9» 

1°14 

1°.B4 

i"-a8 

S486- 
S.'HO. 
5181- 
48»8' 
2483- 

ssso- 
2708- 

109  0 

I    30«  3 

183-4 

aog-6 

fl-8 
tS'S 

88 
18  1 

8-0 

s-i 

9-1 
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The  increased  efficiency,  with  rise  of  temperature,  is  clearly  shown 

by  the  table,  and  there  is  no  reason,  provided  the  carbons  can  be  made 

to  stand,  why  the  number  of  candles  per  horse  power  might  not  be 

greatly  increased,  seeing  that  the  amoimt  which  can  be  obtained  from 

the  arc  is  from  1000  to  1500  candles  per  horse  power.     Provided  the 

lamp  can  be  made  either  cheap  enough  or  durable  enough,  there  is  no 

reasonable  doubt  of  the  practical  success  of  the  light,  but  this  point 

will  evidently  require  much  further  experiment  before  the  light  can  be 

pronounced  practicable. 
In  conclusion,   we  must  thank  Mr.  Edison  for  placing  his  entire 

establishment  at  our  disposal  in  order  that  we  might  form  a  just  and 

unbiased  estimate  of  the  economy  of  his  light. 
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I 

The  theory  of  electric  absorplion  does  not  seem  to  have  as  yet  ' 
attracted  the  general  attention  which  its  importance  demaiide;  and 
from  the  writings  of  many  physicists  we  should  gather  the  impression 
that  the  subject  is  not  thoroughly  understood.  Nevertheless  the  sub- 
_ieet  has  been  reduced  to  mathematics;  and  a  more  or  less  complete 
theory  of  it  has  been  in  existence  for  many  years,  Clausiua  seema  to 
have  been  the  first  to  give  what  is  now  consiiiered  the  best  theory. 
His  memoir,  '  On  the  Mechanical  Equivalent  of  an  Electric  Discharge,' 
&c.,  was  read  at  the  Berlin  Academy  in  1853.'  In  an  addition  to  tliia 
memoir  in  186fi  he  shows  that  a  dielectric  medium  having  in  its  mass 
particles  imperfectly  conducting  would  have  the  property  of  electric 
absorption.  Maxwell,  in  his  '  Electricity,'  art.  325,  gives  this  theory 
in  a  somewhat  difToreiit  fnrin.  and  shows  that  a  body  composed  of  layers 
of  different  substances  would  possess  the  property  in  question.  One 
of  us,  in  a  note  in  the  '  American  Journal  of  Mathematics,'  No.  1, 
1878,  put  the  matter  in  a  somewhat  different  form,  and  investigated 
the  conditions  for  there  being  no  electric  absorption. 

All  these  theories  agree  in  showing  that  there  should  be  no  electric 
absorption  in  a  perfectly  homogeneous  medium.  A  mass  of  glass  can 
hardly  be  regarded  as  homogeneous,  seeing  that  when  we  keep  it 
melted  for  a  long  time  a  portion  separates  out  in  crystals.  Glass 
can  thus  be  roughly  regarded  as  a  mass  of  crystals  with  their  axes  in 
different  directions  in  a  medium  of  a  different  nature.  It  should 
thus  have  electric  absorption.     Among  all  solid  bodies,  we  can  select 

I  CommDDlcated  by  the  Fhyilcal  Soclet;,  hsTlng  been  read  Ha;  I4th,  I8S1. 

>I  bkTS  obtalDcd  m;  koawledge  of  this  memoir  from  tbe  Frencb  translatloD,  en. 
tilled  Tliiorie  Jttieaniqtit  ii  la  Chaieur,  par  R.  Clan»int,  translated  into  Freach  by  F. 
Folle;  Paris,  1866.  Tbe 'AddltioD  '  doe*  oot  appear  In  tbe  memoir  publlsbed  in 
Fogg.  Ann.,  vol.  1ixi*l,  p.  SS7,  bnt  was  added  In  ISM  to  the  collactlon  of  memoirs. 
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nnne  which  we  can  regard  as  perfectly  homogeneous  along  any  given 
line  through  them,  except  crystals.  The  theory  wouM  then  indicate 
thai  cmtals  ehonld  have  no  electric  absorption ;  and  it  is  the  object  of 
this  paper  to  test  this  point.  The  theory  of  both  Clansius  and  Max- 
neW  refers  only  to  the  case  of  a  condenser  made  of  two  parallel  planes, 
la  thf 'JJote '  referred  to,  one  of  us  has  shown  that  in  other  fonns 
atcondenser  there  can  be  electric  absorption  even  in  the  case  of  homo- 
graeoiis  bodies.  Hence  the  problem  was  to  test  the  electric  absorp- 
tion of  a  crystal,  in  the  case  of  an  infinite  plate  of  crystal  with  parallel 
fides.  The  considerations  with  regard  to  the  infinite  plate  were 
iioided  by  using  the  guard-ring  principle  of  Thomson. 

The  cr}-stals  which  could  be  obtained  in  large  and  perfect  plates 
wreqnartz  and  calcite,  These  were  of  a  rather  irregular  form,  about 
3i  Killim,  across  and '  milliiu.  thick,  and  perfectly  ground  to  plane 
JirsIIel  faces.  There  were  two  quartz  plates  cut  from  the  same  crystal 
JHpeadicnlar  to  the  axis,  and  two  cleavage-plates  of  Iceland  spar. 
TlerBKere  also  several  specimens  of  glass  ground  to  the  same  thickness; 
tt»  plates  were  all  perfectly  transparent,  with  polished  faces.  Exam- 
ined by  polarized  light,  the  quartz  plates  seemed  perfectly  homo- 
pneoijg  at  all  points  except  near  the  edge  of  one  of  them.  This  one 
l^swl  traces  of  amethystine  structure  at  that  point;  and  a  portion 
tltme  edge  had  a  piece  of  quartz  of  opposite  rotation  set  in;  but  the 
portion  which  was  used  in  the  experiment  was  apparently  perfectly 
fcpiiar  in  structure.  The  fact  that  there  are  two  species  of  quartz, 
ihl-  and  left-handed,  with  only  a  slight  change  in  their  crystalline 
■Bcture,  and  that,  aa  in  amethyst,  they  often  occur  together,  makes 
not  improbable  that  most  pieces  of  right-handed  quartz  contain 
se  molecules  of  left-handed  quartz,  and  vice  versa.  In  this  case 
|urtz  might  possess  the  property  of  electric  absorption  to  some 
%ree.  But  Iceland  spar  should  evidently  more  nearly  satisfy  the 
nditionn.  It  is  unfortunate  that  the  two  pieces  of  quartz  were  not 
It  from  different  crj-stals. 

ThU  reasoning  was  confirmed  by  the  experiments,  which  showed 
Ht  the  quartz  had  about  one-ninth  the  absorption  of  glass;  but  that 
i  Iceland  spar  had  none  whatever,  and  is  thus  the  first  solid  so  far 
Bnd  having  no  electric  absorption.  Some  crystals  of  mica,  &c.,  were 
led;  bnt  c*ie  spar  is  the  only  one  which  we  can  say,  d  priori,  is  per- 

lTk«M  i*  a  ^p  In  tbe  printed  srtlcle.  On  eiamiaiitlciD  of  tbe  Tarloua  plitea  If 
nfalcal  Labontor;  at  tbe  Johnt  Hopkin*  UnlveriUf.  lome  bftfe  been  toond  on 
HSntn.  tbIckneM,  wblch  are  probtbl;  tboie  ased  in  tbii  reiearcb.] 
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fectly  homogeneous.  Thus  mica  and  eelenite  are  so  very  lamedlar  in 
their  character,  that  few  specimens  ever  appear  iu  whieh  the  laminie 
are  not  more  or  less  separated  from  one  another;  and  thus  they  should 
have  electric  absorption.  ^M 

I 

In  the  ordinary  method  of  experimenting  with  the  various  forms  of 
Leyden  jar,  there  are,  besides  the  residual  discharge  due  to  electric 
absorption  in  the  substance  of  the  insulator,  two  other  sources  of  a 
retnm  charge.  The  surface  of  the  glass  being  more  or  less  eonduet- 
ing,  an  electric  charge  creeps  over  the  surface  from  the  edges  of  the 
tinfoil.  In  discharging  the  jar  in  the  usual  way  by  a  connecting  wire, 
this  surface  remains  charged,  and  the  electricity  is  gradually  con- 
ducted back  to  the  coatings,  and  thus  recharges  them.  If,  further- 
more, the  coatings  be  fastened  to  the  glass  with  sheUac  or  other  cement, 
the  return  charge  may  be  partly  due  to  it;  for  we  have  between  the 
coatings  not  merely  glass,  but  layers  of  glass,  cement,  &c,,  which  the 
theory  shows  to  give  a  residual  discharge.  Besides  the  coatings  are 
not  planes;  and  hence,  as  one  of  ua  has  shown,  there  may  be  a  return 
charge,  even  if  the  glass  gave  none  between  infinite  planes.  If  the 
plates  were  merely  laid  on  the  glass  without  cementing,  the  same 
reBult  would  follow,  since  the  insulator  would  then  consist  of  air  and 
glass  in  layers. 

In  the  present  research  these  were  sources  of  error  to  be  avoided, 
since  the  residual  discharge  due  to  the  insulating  plates  themselves 
Tere  to  he  compared.  The  condenser-plates  were  copper  disks.  These 
were  amalgamated,  so  that  there  was  a  layer  of  mercury  between  them 
and  the  dielectric,  which  excluded  the  air  and  conducted  the  electricity 
directly  to  the  surface  of  the  dielectric:  thus  the  condition  of  a  single 
substance  between  the  plates  was  fulfilled.  The  errors  due  to  the 
creeping  of  the  charge  over  the  surface  of  the  dielectric  and  that  due 
to  the  plates  not  being  infinite  were  avoided,  the  first  entirely  and  the 
second  partially,  by  the  use  of  the  guard-ring  principle  of  Sir  Wm. 
Thomson. 

Plate  IV  represents  this  apparatus.  The  plate  of  crystal,  c,  was 
placed  between  two  amalgamated  plates  of  copper,  a  and  b,  over  the 
upper  one  of  which  the  guard-ring,  d,  was  carefully  fitted;  this  ring, 
when  down,  served  to  charge  and  discharge  the  surface  around  the 
plate,  a;  and  so  the  errors  above  referred  to  from  the  creeping  of  the 
charge  along  the  plate,  and  from  the  plate  not  being  infinite,  were 
avoided. 
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The  charging  battery  confiisted  of  sLs  large  Leyden  jars  of  nearly  8 
square  foot  of  coated  surface  each,  charged  to  a  small  potential. 
Although  accurate  instruments  were  at  hand  for  nieasuriDg  the  poten- 
tial in  absolute  measure,  it  was  considered  sufficient  to  use  a  Harris 
unit-jar  for  giving  a  definite  charge;  for  very  accurate  measurements 
were  not  desired,  and  the  Harris  unit-gar  was  entirely  sufficient  for  the 
purpose.  The  return  charge  was  measured  by  a  Thomson  quadrant- 
electrometer  of  the  original  well-known  form. 

The  apparatus  shown  in  Plate  IV  performs  all  the  necessary  opera- 
tions by  a  half  turn  of  the  handle  e.  By  two  half  turns  of  the  handle, 
one  forward  and  the  other  back,  the  crystal  condenser  could  be  succes- 
eively  charged  from  the  Leyden  battery,  discliarged,  the  guard-ring 
niised,  the  upper  plate,  a,  again  insulated,  and  the  connection  made 
with  the  quadrant-electrometer. 

The  copper  ring,  d,  was  suspended  by  three  silk  threads  from  the 
brass  disk,  f,  which  in  turn  could  be  raised  and  lowered  by  the  crank,  g. 
A  small  wire  connected  the  ring  with  the  rod  on  which  was  the  ball,  h. 
This  rod  was  insulated  by  the  glass  tube  i,  and  could  revolve  about  an 
axis  nt  t.  By  the  up-and-down  motion  of  the  rod  the  ball  came  into 
contact  with  the  ball  (1)  connected  with  the  earth,  or  the  ball  (m)  con- 
nected with  the  battery.  When  the  cranks  were  in  the  position  shown 
in  the  figure,  the  heavy  ball  n  caused  the  ball  h  to  rise  and  press 
against  I;  but  when  /  descended,  the  piece  o  pressed  on  the  rod  and 
caused  h  to  fall  on  m. 

Another  rod,  g,  also  more  than  balanced  by  a  ball,  r,  was  insulated  by 
a  glass  tube,  s,  and  connected  with  the  quadrant-electrometer  by  a 
very  fine  wire.  It  could  also  turn  around  a  pivot  at  t;  so  that  when 
the  ring  u  rested  upon  it,  it  fell  on  the  upper  condenser-plate  a.  and 
connected  with  the  electrometer;  when  the  weight  «  was  raised  by  the 
crank  v,  the  rod  rested  against  f,  and  so  connected  the  electrometer  to 
the  earth,  to  which  the  other  quadrants  were  already  connected. 

At  the  beginning  of  an  experiment,  the  insulating  plate  to  be  tested 
having  been  placed  between  the  condenser-plates  a  and  b,  the  handle 
was  brought  into  such  a  position  that  the  ring,  d,  rested  on  the  plate 
around  a.  The  lengths  of  the  threads  between  d  and  f  were  such  that  o 
for  this  position  of  the  handle  did  not  touch  tv,  and  so  h  remained  in 
connection  with  the  earth;  and  so  d  was  also  connected  with  the  earth, 
and  thus  also  with  h.  On  now  turning  the  handle  further,  the  ball  h 
descended  to  the  ball  m,  and  thus  charged  the  condenser  for  any  time 
desired.  On  now  reversing  the  motion,  the  following  operations  took 
place: 
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First,  the  bail  h  rose  and  discharged  the  condenser. 

Second,  the  guard-ring  d  ascended. 

Third,  the  rod  9,  which  had  been  previously  in  contact  witli  p.  thus 
bringing  the  quadrant-electrometer  to  zero,  now  moved  down  and  rested 
on  the  upper  condenser-plate  a.  Thus  any  return  charge  quickly  showed 
itself  on  the  electrometer.  The  amount  of  deflection  of  the  instru- 
ment depends  upon  the  character  of  the  dielectric,  its  thickness,  the 
charge  of  the  battery,  the  time  of  contact  with  the  battery,  and  upon 
the  length  of  time  of  discharging. 

ni 

In  comparing  the  glass  with  the  crystal  plates,  the  electrometer  was 
rendered  as  little  een^itive  as  the  ordinary  arrangement  of  the  instru- 
ment without  the  inductor-plate  would  allow.  The  electric  absorption 
of  the  glass  plates  for  a  charge  in  the  battery  of  two  or  three  sparks 
from  the  Harris  unit-jar  then  sufficed,  after  20  or  30  seconds  contact 
with  the  hatterj-  and  5  seconds  discharging  time,  to  give  a  deflection  of 
about  200  scale-divisions,  which  were  millimetres.  The  quartz  and 
calcite  plates  were  then  alternately  substituted  for  the  glass,  the  same 
charge  and  the  same  intervals  of  contact  being  used,  and  the  resulting 
deflections  noted — two  plates  of  each  substance  of  the  same  thickness 
[  being  used. 

The  results  of  the  measurements  are  given  in  the  following  Tables, 
the  effect  nf  the  glass  being  called  100. 


April  13,  lH8n. 

Charge  of  bHtlery.  a  spnrks. 

Conlacl,  30  Hcondi). 

L   Olu»  (lit  )>lkte) 1(10-0 

[  Qu»rtz  [l«t  pUle) IT-1 

}         •'      (UdiI  plBle) 800 

I    CkldU  lUtpUle) D.O 

'         "      (aud  plati) 0-0 

(6) 

April  IS,  1880. 

Cbar^ce  ot  baltBrjr,  3  tparka, 

Contict,  20  leconda. 

I   OlM«  (lal  plate) 100-0 

I  QnartK  (I«t  plate) !»» 

\  Caleltc  (lit  plate) 0-0 


ApHl  14,  1980. 
Cbarge,  8  aparka. 
Contact,  10  lecoada. 
Plates  careful];  dried  by  being  In  desic- 
cator over  Dight. 

Qlaaa  (lit  plate) . .  lOO-O 

Qnartidet  plate) lOT 

Calcite  (tat  plate) 0-0 

I'll 

April  33.  IS80, 

Cbari^e,  2  iparka. 

Contact,  30  aeconda. 

Plate  in  dcatecator  alnce  April  14, 

Glaas  Ond  plate) 100-0 

"     (let  plate) 96S 

Quartx  (1st  plate) I3-4 

■■       (3nd  plate) 13'1 

Calcite  ( lat  plaU) 00 

"       (ana  plate) O'O 
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Mat  L— RELiTivK  ErriCTB  fob  DirrERCJiT  Ihtenbitiu  or 

TlM«   or   Cos  TACT 

CnABGE     ANO 

1 

~— -- 

Contaet. 

ContBct, 
tOse<^Sdk. 

m^S^ 

Onetpark...! 

GI«H(ltt) 

QnartE  (Ut}... 
Calcltedat]... 

1330 
180 
0-0 

188-3 
88- T 
00 

235-0 
34 -S 
0-0 

TwoipKki..! 

Qlawdit) 

QairtE  (lit)... 
Cmlclta(llt).. 

OH  tlici  *c»le 
34-0 

OS  tbetMle 

85-0 
0-0 

Ofl  tbe  Mtle 
50-0 
0-0 

These  Tables  seem  to  prove  beyond  question  that  calcite  in  cleiir 
crystal  has  no  electric  absorption.  Quartz  soems  to  have  about  ^  that  of 
glass;  but  we  have  remarked  that  quartz  is  not  a  good  subslauce  to  test 
the  theory  upon. 

Some  experiments  were  made  with  cleavage-plates  of  selenite,  which  I 
are  always  more  or  less  imperfect,  as  the  laminK  are  ven,-  apt  to  sepa- 
rate.    These  gave,  however,  effects  about  i  or  i  those  of  glass. 

In  order  to  test  still  further  the  absence  of  electric  absorption  in 
calcite,  the  electrometer  was  rendered  very  sensitive,  and  the  calcite  I 
plates  were  tested  with  gradually  increasing  charges,  from  that  which  [ 
in  glass  gave  200  miliim,  after  1  second  contact,  up  to  the  niaximum  1 
charge  (ten  sparks  of  the  unit-jar)  which  the  condensers  were  capable  I 
of  carrying.  In  these  trials,  the  calcite  still  showed  no  effect,  even  I 
with  30  seconds  contact.  During  these  experiments  glass  was  fre-  I 
quently  substituted  for  the  calcite.  to  leave  no  question  but  that  the  J 
apparatus  was  in  working  order. 

It  is  to  be  noted  that  the  relative  effects  of  the  quartz  and  the  g 
were  different  for  dried  plates  and  plates  exposed  to  the  atmospher 
This  was  possibly  due  to  tJie  glass  being  a  better  insulator,  and  thai 
retaining  its  charge  better  when  dry  than  in  its  ordinary  condition. 

IV 

Thus  we  have  found,  for  the  first  time,  a  solid  which  has  no  elecU 
absorption;  and  it  is  a  body  which,  above  all  others,  the  theoryj 
Clausius  and  Maxwell  would  indicate.     The  small  amount  of  the  9 
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in  quartz  and  selenite  also  confirms  the  theory,  provided  that  we  can 
show  that  in  the  given  piece  of  quartz  some  molecules  of  right-handed 
quartz  were  mixed  with  the  left;  for  we  know  that  the  theoretical  con- 
ditions for  the  absence  of  electric  absorption  are  rarely  satisfied  by 
laminated  substances  like  selenite  or  mica.  If  the  theory  is  con- 
firmed, the  apparatus  here  described  should  give  the  only  test  we  yet 
have  of  the  perfect  homogeneity  of  insulating  bodies;  for  any  optical 
test  cannot  penetrate,  as  this  does,  to  the  very  structure  of  the 
molecule. 
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[/oAnt  UopkiHt  UnittTtits  (Hrtular;  No.  19,  pp.  (.  5,  IS83] 

Among  the  subjects  to  be  discussed  by  this  Congress  is  tliat  of  Atnioi 
pheric  electricity,  and  I  should  like,  at  this  point,  to  urge  the  import 
ance  of  a  series  of  general  and  accurate  experiments  performed  shaat 
taneouely  on  a  portion  of  the  earUi's  surface  as  exteuded  as  po^dliia 
Here  and  there  on  the  globe,  it  is  true,  an  observer  has  occasionalij 
performed  a  series  of  experiments,  extending  even  over  several  reus; 
but  the  different  observers  have  not  worked  in  accordance  with  any  pre- 
concerted plan,  it  has  not  been  jjo^sible  to  compare  their  instrument^' 
and  even  where  absolute  measurements  have  been  obtained,  the  esjcfc 
meaning  of  the  quantity  measured  has  not  been  perceived.  Let  n 
take,  for  instance.  Sir  William  Thomson's  water  dropping  apparttm 
which  is  used  at  the  Kew  Observatory.  This  apparatus  is  compow^ 
of  one  tube  rising  a  few  feet  above  the  building  and  of  another  talX 
near  the  ground,  so  that  it  is  in  the  angle  made  by  the  house  and  tli< 
ground.  This  apparatus  indicates  a  daily  variation  in  the  eleclrici^ 
of  the  atmosphere,  but  the  result  is  evidently  influenced  by  the  COM 
tions  of  the  experiment.  Another  observer  who  should  fit  up  an  apJUC 
atus  in  another  country  might  obtain  entirely  different  conditions,  i 
that  it  would  he  impossible  to  compare  the  results.  Hence  the  n 
sity  of  having  a  system. 

The  principal  aim  of  scientific  investigation  is  to  be  able  to  undfl 
stand  more  completely  the  laws  of  nature,  and  we  generally  succwd  i 
doing  this  by  bringing  together  observation  and  theory.  In  « 
proper,  observations  and  experiments  are  valuable  only  in  so  far  a: 
rest  on  a  theory  either  in  the  present  or  in  the  future.  We  can  as  J 
present  only  a  plausible  theory  of  atmospheric  electricity,  but  the  p 
way  of  arriving  at  the  truth  in  this  case  is  to  let  ourselves  be  guid«d 
our  future  experiments  by  those  which  have  hitherto  been  made 
this  subject. 
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The  principal  facts  wbioh  have  been  discovered  can  be  stated  iu  a  few 
wrds.  In  clear  weather,  the  potential  increases  as  we  go  higher,  at 
Iwi  lor  CGrtain  parts  of  Europe,  and  there  is  a  diurnal  and  annual 
mriition  of  this  quantity  whiuh  the  presence  of  foga  causes  a!ao  to  vary. 
He  first  observers  were  inclined  to  attribute  the  electricity  of  the 
>ti(ic«[iliere  to  the  evaporation  of  water,  and  an  old  experiment  which 
wnaisled  in  dropping  a  ball  of  red-hot  platinum  into  water  placed  on  a 
piW  leaf  electrometer,  was  supposed  to  eonfinn  this  view.  Even  re- 
WBlly  a  dJBtingui^beJ  physicist  held  this  opinion  in  the  case  of  electric 
iWmu.  \ow  when  a  ball  of  platinum  is  thus  dropped  into  water,  the 
eicMfive commotion  thus  produced  will  certainly  give  rise  to  electricity; 
iM  to  assert  that  this  electricity  is  due  to  evaporation  may  very  well 
It  in  error.  It  is  true  that  occasionally  a  red-hot  meteorite  may  fall 
ioinihe  sea,  reproducing  thus  the  laboratory  experiment;  but  most  of 
lie  water  is  evaporated  quietly.  Recently  one  of  my  students  used 
'odermy  direction  a  Thomson  quadrant  electrometer  in  order  to  inves- 
•igile  this  question,  and  although  he  evaporated  large  quantities  of 
"ifferent  liquids,  he  did  not  find  any  trace  of  electrization.  I  hope  to 
pwe  thus  conclusively  that  the  electricity  of  the  atmosphere  cannot 
Mthe  result  of  evaporation. 
Sir  William  Thomson  thinks  that  the  experiments  which  have  been 
iMde  hitherto  indicate  that  the  earth  is  charged  negatively.  This  con- 
would  certainly  explain  all  the  experiments  hitherto  performed 
;  but  the  only  method  of  reaching  certainty  on  this  point  is  to 
a  series  of  experiments  on  the  whole  surface  of  the  globe,  and 
method  that  I  propose  to-day.  This  series  of  experiments 
fnrnish  data  for  determining  not  only  the  fact  of  terrestrial 
ivlism.  but  also  by  the  aid  of  Gauss's  theorem  the  amount  of  the 
on  the  solid  portion  of  the  earth;  however,  this  amount  cannot 
drtermined  for  the  upper  atmosphere.  What  we  want  to  know  is 
Ijiw  according  to  which  the  electric  potential  varies  as  we  ascend 
the  whole  surface  of  the  globe  and  at  the  same  instant  of  time,  so 
it  it  mar  be  possible  to  obtain  the  surface  integral  of  the  rate  of 
ion  of  the  potential  over  the  whole  globe.  If  the  earth  were  ever 
'neeivc  an  increase  of  charge  coming  either  from  the  exterior  or  from 
npper  atmosphere,  this  increase  would  be  known.  When,  in  the 
Ion  Physical  Society,  I  criticized  the  theory  of  Profs.  Ayrton  and 
terreetrial  magnetism,  I  gave  at  the  end  of  my  paper  a  brief 
le  of  a  recent  theory  on  auroras  and  storms,  which  was  built  ( 
liypotliesis  of  the  electrization  of  the  etirtli.     After  mature  reflec 
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tioa  1  still  wish  to  present  to  you  tliis  theory,  which  deserreB  to  be 
thought  of  in  mapping  out  a  eyatem  of  international  experiments  on 
atmospheric  electrieity. 

Suppose  Sir  William  Thomson's  explanation  is  correct  and  that  the 
earth  is  charged  with  eJoutricity,  let  us  examine  what  would  then 
happen.  If  the  earth  were  not  exposed  to  disturbing  causes,  a  portion 
of  the  electricity  of  the  globe  would  discharge  itself  into  the  atmosphere 
and  would  distribute  itself  nearly  as  uniformly  as  the  resistance  of  the 
air  would  allow.  The  exterior  atraosphtre  thus  charged  would  set  itself 
in  motion,  and  we  should  have  winds  produced  by  the  electric  repul- 
Biona,  and  this  would  last  until  the  electricity  had  been  distributed  in  a 
uniform  maimer  on  the  earth  and  in  the  esterior  strata  of  the  atmos- 
phere ;  when  all  would  be  still  once  more.  An  observer  stationed  on  the 
earth  would  have  no  idea  of  the  charge  of  the  exterior  atmosphere;  but 
he  would  discover  the  charge  of  the  earth  by  means  of  the  ordinary 
instruments  used  in  experiments  on  the  electricity  of  the  atmosphere, 
such  as  Becquerel's  arrows  and  Thomson's  water  dropping  apparatue. 
There  would  be  another  result  which  however  could  not  be  measured  by 
observers  situated  on  the  earth,  namely,  the  extension  of  the  atmos- 
phere beyond  the  limits  determined  by  calculation.  The  rarelied  air 
being  electrified  would  repel  itself,  and  possibly  there  would  be  then  in 
the  exterior  atmosphere  a  region  in  which  the  presnure  would  vary  very 
slightly  for  a  great  difference  of  elevation.  We  have  learned  from 
auroras  and  meteors  (hat  the  ntmofpliere  extcndti  to  a  much  greater 
distance  than  that  indicated  by  Newton's  logarithmic  formula,  but  I 
think  that  what  I  have  said  is  the  first  rational  explanation  of  this  fact. 

Observe  now  what  would  happen  if  the  earth  of  which  we  speak  were 
subject  to  the  disturbing  causes  which  exist  on  our  globe;  the  most 
important  of  these  disturbing  factors  are  the  winds  and  the  general 
atmospheric  circulation.  This  circulation  constantly  carries  the  atmo- 
sphere from  the  equator  to  the  two  poles,  but  with  very  little  uni- 
formity. However,  near  the  poles  there  must  be  many  points  at  which 
the  air  comes  dovm  towards  the  earth  and  thua  shapes  its  course  towards 
the  equator.  Now  a  body  which  is  a  bad  conductor,  like  air,  when  it  is 
charged  tends  to  carry  its  charge  along  with  it  wherever  it  goes,  and 
thus  the  air  carries  its  charge  until  the  moment  when  it  descends 
towards  the  earth;  then  it  will  leave  it  behind  in  the  exterior  atmo- 
sphere, in  accordance  with  the  tendency  of  electricity  to  remain  at  the 
surface  of  charged  bodies.  The  charge  will  therefore  accumulate  in  the 
exterior  atmosphere,  until  there  is  a  great  tension;  the  atmosphere 
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will  then  discharge  itself  either  towards  the  earth  or  through  the  rare- 
fied air  in  the  shape  of  an  aurora.  At  these  points  the  rarefied  air 
probably  heaps  itself  up  to  a  greater  height  than  elsewhere,  which 
woold  explain  the  great  height  at  which  auroras  are  sometimes  ohserved. 
The  equilihrium  which  existed  previously  at  the  equator  would  also 
be  destroyed  hy  the  absence,  at  this  point,  of  the  primitive  charge  in 
fte  exterior  atmosphere,  and  the  earth  would  have  a  tendency  to  dis- 
ckaige  itself  towards  the  exterior  atmosphere.  Owing  to  the  difference 
in  the  conditions  at  this  point,  this  tendency  will  be  apt  to  show  itself 
Ij  the  storms  which  arise  of  tenest  in  the  equatorial  region.  Thus  the 
electricity  of  the  earth  would  tend  to  circulate  in  the  same  way  as  the 
iir  from  the  equator  to  the  poles  and  conversely. 

But  I  do  not  intend  to  insist  upon  this  theory  here;  I  wish  simply 
ftiongh  it  to  bring  out  the  importance  of  establishing  on  the  whole 
wrface  of  the  globe  a  system  of  general  observations  on  atmospheric 
dectricity.  Even  if  the  theory  is  false,  it  is  only  by  observation  that 
tte  truth  can  be  attained.  In  my  opinion,  it  is  almost  unworthy  of  the 
•dranced  state  of  our  sciences  to-day,  that  it  should  be  at  present  impos- 
lible  for  us  to  indicate  accurately  the  origin  of  the  energy  which  mani- 
fests itself  in  auroras  and  storms.  For  I  have  pointed  out  above  that 
it  is  necessary  to  give  up  explaining  these  phenomena  by  the  hypothesis 
of  the  production  of  electricity  by  evaporation. 

I  propose  therefore  that  from  this  section  of  the  Congress  a  com- 
Jfiittee  be  formed  to  examine  what  is  to  be  done  in  order  to  establish 
on  the  whole  earth,  and  especially  in  the  polar  regions,  a  systematic 
series  of  observations  on  atmospheric  electricity. 

Editobial  Note. — International  Commission  of  Electricians 

[Professor  Rowland  sailed  from  New  York,  October  14,  to  attend  an 
international  commission  of  electricians,  then  about  to  assemble  in 
Paris.  Professor  John  Trowbridge  of  Cambridge  sailed  about  the  same 
hie.  These  two  gentlemen  were  selected  to  represent  the  United 
Jtates  government  by  the  Department  of  State — Congress  having  made 
provision  for  the  appointment  of  two  civilian  commissioners. 
This  official  conmiission  is  the  outgrowth  of  the  congress  of  electri- 
itns  which  was  held  a  year  ago  in  Paris.  That  body  requested  the 
rench  government  to  invite  other  nations  to  unite  in  constituting 
tree  international  commissions  for  the  study  of  certain  specified 
obi  ems,  namely: 

I.  A  re-determination  of  the  value  of  the  ohm. 
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II.  (a)  atmospheric  electricity. 

(b)  protection  against  damage  from  telegraphic  and  telephonic 

wi  res — (pa  ra  ton  n  erres) . 
(r)  terrestrial  currents  on  telegraphic  lines. 
(d)  the   establishment  of  an  international   telemeteorographic 
line. 
III.  Determination  of  a  standard  of  light. 

The  study  of  atmospheric  electricity  was  proposed  to  the  congress  by 
Mr.  Rowland.  After  hearing  his  paper  on  this  subject,  the  section  to 
which  he  belonged  adopted  on  his  motion  the  following  resolution  which 
was  subsequently  approved  by  the  entire  congress. 

Resolved  that  an  international  commission  be  charged  with  determin- 
ing the  precise  methods  of  observation  for  atmospheric  electricity,  in 
order  to  generalize  this  study  on  the  surface  of  the  globe. 

As  Mr.  Rowland  did  not  retain  his  manuscript,  the  foregoing  trans- 
lation of  the  paper  as  it  is  printed  in  the  Comptes  Rendus  of  the  con- 
gress has  been  made  by  Mr.  P.  B.  Marcou  and  is  printed  here  with  the 
author's  consent.] 
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THE  BETEKMIXATIOX   OF  THE  OHM 

ElTKATT     D'QNB    l.BTTHK     DB    M.    IIbKHT  A.  ROWLABD 

lt3B.i/^H«   InttnuUionalr:  pour  la   OtUrmtiialiuti    de>    Unilli  ^Urlrigif.     Proc8»-Ver- 
bBQT,  Uruxl^me  Seuiou,  p.  U7.  Pfttts,  1»IH] 

Lea  experiences  relatives  k  la  determination  de  rolira  ont  etc  pr4- 
par^es  h  Baltimore  au  mojen  d'une  partie  du  credit  de  12,500  dollars 
alloue  dans  ce  but,  I'annee  derniSre,  par  le  Congrea  dea  Etats-rnis. 

Apres  une  etude  preiimiDaire,  les  appareils  destines  a  ces  exper- 
iences ont  et6  mis  en  cunstructioa  en  juin  1883.  Leg  autorlt^s  de 
rUniversite  Johns  Hopkins  ont  bien  vonlu  niottre  a  ma  disposition 
nne  construction  qui  est  situee  en  dehors  de  lu  ville,  it  I'endroit  appelfi 
Clifton,  et  qui  a  6te  transformee  en  laboratoire. 

La  source  d'electricit^  qui  Bcrvira  aux  experiences  est  une  pile 
secondaire  du  systeme  Plants,  chargee  par  une  machine  dynarao-^lee- 
trique  actionn^e  par  une  machine  a  vapenr  d'environ  5  chevaux  de  force, 

Trois  m^thodes  au  moine  seront  employees  pour  la  determination 
de  I'ohm,  La  premiere  repose  siir  Tinduction  mutuelle  de  deux  circuits ; 
i'ai  deji  fail  usage  de  cette  methode  en  1878,  mais  dana  les  nouvelles 
experiences  les  dimensiona  des  appareils  seront  considcrablement  aug- 
menteea;  les  bobines  auront  un  m^tre  de  dlametre. 

La  denxieme  m^thode  est  basee  siir  I'fohauffement  d'un  conducteur 
par  le  courant  electrique,  le  menje  fil  6tant  echauff^  succesBivement  par 
le  courant  et  par  des  raoyens  mecaniques.  Les  appareils  employes 
ecront  ecus  qui  m'ont  servi,  en  1879,  pour  dclerminer  l'6quivalont 
m^caDiquc  de  la  chaleur.  Afin  dVviter  les  pertes,  le  calorinii-tre  sera 
rempli  d'un  liquide  non  conducteur  au  lieu  dVaii.  Pour  mesurer 
I'teergie  electrique,  on  a  construit  un  eiectrodynamometre  ayant  des 
bobines  d'un  metre  de  diamStre. 

Iji  troisieme  m^thode  est  coUe  de  Lorenz.  Pour  defcnniner  la 
ritease  du  disque,  il  sera  fait  nsage  d'un  diapason  mu  par  un  mecanisme 
dtoriogerie,  eonstniit  par  Konig.  de  Paris. 

La  comparison  de  I'Mniti^  de  PAsBociation  Britannique  avec  I'unite 
mvrcurielle  est  pi^B  d'etre  terminec:  on  dehors  de  cela,  aucun  r^sultat 
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n'a  et6  obtenu  jusqu'i  prf'sent,  mais  je  crois  pourvoir  donner  me&  r6- 

sultats  d^finitifs  en  novcmbre. 

Comme  ces  experiences  seront  faites  avec  les  precautions  lea  plus 
grandee  et  dans  des  conditions  tres  favorables,  grilce  h  la  generoBit4  du 
Congr^s,  il  est  a  esperer  qu'nucune  decision  coneernant  la  valenr  defi- 
nitive do  I'ohm  ne  sera  prise  avant  cette  ^poque;  de  cette  mani^re,  lea 
Etats-TTniB  et  d'aiitres  pa3's  pourront  accepter  I'^talon  arr&te. 

HbNHY   a.    HoWliAND. 


THE  THEORY  OF  THE  DYNAMO 

IJJppm-l  (iT  ">'  EUcMcal  Conftrmet  at  PAUodilpMa  in  Xovmhcr.  1S84,  pp.  73-83,  00,  Ul, 
1M.107,  WaiblDgton,  188fi  ;  SUvlrieal  Stvitu  (N.  T.),  No*«nibet  1,  9,  IS,  33,  lHe4] 

I  will  now  proceed  with  the  discussion  of  '  The  Theory  of  the 
Dynamo-Electric  Machine.'  I  only  claim  in  the  skeleton  of  the  theory 
which  I  have  here  prepared  to  give  a  few  points  which  may  be  of  inter- 
est and  possihly  of  value  to  those  who  are  constructing  these  machines. 

The  principal  Iosbcs  of  the  machine  I  put  down  under  the  following 
heads:  (1)  Mechanical  friction;  (3)  Foucault  currents  in  the  armature; 
(3)  energy  of  the  current  used  in  sustaining  the  magnet;  (4)  self-induc- 
tion of  the  coils;  (5)  heating  of  the  armature. 

Of  course  the  efficiency  of  the  machine  would  be  equal  to  the  whole 
work  of  the  machine  minus  the  different  losses  divided  by  the  work, 
namely : 

E._  to  — /,  — /,  —  etc. 

Thus,  when  the  losses  are  known,  the  efficiency  of  the  machine  is 
known. 

The  mechanical  friction  I  shall  not  discuss. 

With  respect  to  Foucault  currents  in  the  armature,  by  dividing  up 
the  armature  in  the  proper  way,  we  can  get  rid  of  most  of  these.  It  is 
very  often  effected  in  the  Siemens  armature  by  dividing  up  the  arma- 
ture into  diacB. 

I  have  purposely  omitted  the  loss  due  to  change  of  magnetism  in  the 
armature  ae  the  armature  revolves.  1  drew  attention  to  this  fact  sev- 
eral years  ago.  It  has  been  recently  experimented  upon  and  found 
that,  although  there  is  some  heating  effect,  it  is  very  small  indeed. 

With  respect  to  the  energy  used  in  sustaining  the  magnet,  if  the 
magnet  were  of  steel  there  would,  of  course,  be  no  loss.  The  only 
reason  for  not  using  a  sleel  magnet  is  that  the  field  is  comparatively 
weak.  The  field  of  a  steel  magnet  is,  I  suppose,  less  than  one-third  of 
the  field  due  to  a  good  electro-magnet;  the  two  could  not  be  made 
•qtial  by  any  possible  means.  Therefore,  in  most  dynamo  machines, 
Uie  magnet  is  produced  hy  the  current. 
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It  is  a  question  what  the  form  of  the  magnet  and  the  position  of 
these  coils  should  be  in  order  to  get  the  greatest  field  with  the  least 
expenditure  of  energy.  I  have  one  or  two  propositions  to  make  on  this 
subject  which  I  think  are  of  some  interest. 

The  first  proposition  I  have  to  make  is  that  a  round  magnet  is  better 
than  one  of  elongated  cross-section.  If  the  coils  are  long,  and  they 
are  usually  long  enough  for  the  purpose,  although  the  theory  assumes 
an  infinite  length,  the  magnetic  force  at  any  time  acting  on  a  round 
iron  core  is  exactly  the  same  as  on  an  elongated  core.  But  the  area 
of  a  circular  section  is  much  greater  than  that  of  an  elongated  section 
of  the  same  circumference,  and  therefore  the  same  amount  of  wire 
which  would  be  used  to  go  around  the  elongated  magnet,  would,  if 
extended  on  a  circular  section  of  the  same  circumference,  surround 
much  more  iron. 

The  principal  object  of  making  an  elongated  magnet  is  that  it  may 
include  the  whole  length  of  the  armature.  Most  makers  who  adopt 
this  form  think  it  better  to  elongate  the  cross-section  than  to  have  a 
long  pole  piece.  But  we  have  seen  that  the  round  form  is  more  eflBcient 
in  general  than  the  elongated  form,  and  the  only  question  is  whether  it 
will  be  more  efficient  in  this  particular  case.  I  shall  proceed  in  this 
theory  upon  the  known  fact  that  we  can  consider  lines  of  force  as  if 
they  were  conducted  by  the  iron  and  the  air  outside.  The  conductivity 
of  the  iron  for  the  lines  of  force  is  very  great,  much  greater  than  that 
of  air.  I  experimented  on  it  many  years  ago,  and  my  idea  is  that  it 
varies  (according  to  the  degree  of  magnet iziit ion)  from  several  hundred 
up  to  5,000  times  that  of  air.  The  conductivity  for  iron  is  very  great, 
especially  for  wrought  iron ;  for  cast  iron  it  is  probably  less.  Therefore 
the  lines  of  force  will  be  conducted  down  through  the  iron  from  any 
point  over  a  circular  cross-section  very  nearly  as  easily  as  they  are  from 
aji  elongated  cross-section,  and  the  saving  in  the  wire  will  be  con- 
siderable. 

I  have  another  pro])osition  to  make  with  respect  to  the  magnet,  and 
tliat  is  that  one  circuit  of  tlie  lines  of  force  is  better  tlum  a  number, 
'i'liere  is  a  loss  from  having  a  num1)er  of  electro-magnets,  even  if  they 
are  round.  For  this  reason,  that  the  same  magnetic  force  is  acting  in 
each  of  tliese  coils  provided  there  is  the  same  number  of  wires  per  unit 
of  lengtli ;  and  the  same  wire  will  go  more  times  around  the  same  iron 
concentrated  in  one  magnet  than  when  subdivided  into  several,  and 
will,  therefor(\  act  uj)()n  it  with  more  magnetizing  force. 

That  j)rop()sition  not  only  a|)))lies  to  this  form  of  magnet  (Fig.  1), 
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ml  it  «lso  applies  to  the  form  where  we  have  the  armature  revolviiig 
letwwn  two  magnets  like  this  (Fig.  2),  because  we  can  turn  this  lower 
Bufnet  over  and  bring  the  two  together.  The  circuits  of  the  lines  of 
bree  are  around  in  this  direction  and  in  this  (arrows,  Fig.  2),     So  that 

are  two  circuits  of  the  lines  of  force  instead  of  one.  The  energy 
Bliended  for  a  given  amount  of  work  will  be  leas  with  this  fomi  (Fig,  1) 

»ith  this  (Fig.  2).     That  is  of  very  great  value  to  makers  of 


The  theorem  applies  to  a  number  of  tbosc  fM  r 


ichini 


where  there 


1  rery  large  number  of  little  maym.!.-  n  ■••U  m^  dii.iuinl  i.Uher  little 
More  work  is  used  in  austaiuiug  the  magnets  in  that  form 

ijoe  than  in  the  more  modern  form  where  we  have  only  a  few 
its. 

lud  8  number  of  drawings  made  of  magnets  in  the  Electrical  Eshi- 
I,  and  I  find  very  great  difference  in  this  respect;  more  difference 
(  Siemenfi  armatures  are  used  than  in  any  other  kind.  In  dis- 
Ig  these  drawings  I  do  not  give  any  names,  nor  say  whether  one 

MB  a  whole  is  better  or  worse  than  another. 
rt,  I  will  discuss  the  general  forms  of  the  mngnet,  and  then  I  wish 
Mmething  in  respect  to  the  form  ot  the  pole  pieces  that  inclose 
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the  armature.  Of  coarse  this  form  belongs  both  to  the  Gi 
and  the  Siemens  armature.  Most  modem  machines  are  of  thie  ni 
either  Gramme  or  Siemens,  and  we  may  consider  them  both  d 
we  wish. 

We  will  now  proceed  with  respect  to  the  field  in  this  form  of 
(Fig.  3)      The  lines  of  force  proceed  down  the  magnet,  and  &M 
posed  to  go  acrobs  here  (a  b),  where  wires  wound  around  the 
armature  cut  them,  and  so  produce  a  current.     It  is  evident 
lines  which  escape  acro=ft  thu.  open  space  (arrows)  are  lost.    B 


was  any  leakage  of  the  wire  around  the  magnet,  the  current,  insb 
going  around  the  magnet,  would  go  off  somewhere  else,  and  we 
consider  the  machine  defective  because  there  was  a  loss  of  the  c 
So  if  any  of  these  lines  of  force,  instead  of  going  directly  acron 
(a  b),  go  across  the  open  space  (arrows),  as  they  naturally  would  i 
those  lines  of  force  are  lost,  and  we  would  have  to  add  so  n 
current  in  order  to  make  up  for  this  outside  loss.  I  have  an  tl] 
tion  of  such  losses  of  lines  of  force  from  a  drawing,  which  I  iri 
you  (Fig.  4). 

This  machine  has  two  magnets — one  above  and  one  below,     Thfl 
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of  force  paes  up  through  here  (a  b  c  d)  and  then  out  and  around  through 
here  (ee),  &c.,  to  complete  the  circuit.  As  I  saw  the  machiue  in  the 
exhibition  the§e  outside  pieces  (e  e)  were  closer  to  the  poles  of  the 
magnets  than  I  have  drawn  them.  If  they  are  put  too  near,  some  lines 
of  force,  instead  of  passing  across  the  field  of  force,  where  the  wires 
revolve,  as  they  ought  to  do,  pass  off  at  these  openings,  the  circuits 
Lgoing  around  in  this  way  (airowa  f  f).  In  this  caee  there  is  a  loss  due 
Wto  leakage  of  the  lines  of  force,  and  we  shall  therefore  have  to  eipend 


B  energy  in  keeping  up  the  magnet.     There  is  energy  expended  in 

|):eeping  up  the  field  outside  as  well  as  in  keeping  up  the  field  through 

9ie  armature.     It  is  important  that  this  point  should  be  considered, 

"bese  questions,  '  How  many  lines  of  force  go  across  this  opening  and 

e  effective  in  producing  the  current,  and  how  manj'  escape  off  without 

ising  through  the  opening  and  are  lost  ? '  arc  just  aa  important  as 

the  question  of  the  leakage  of  the  current  in  the  wire.     There  are 

Bflefeote  in  many  of  these  machines  in  that  respect.     In  this  form  of 

shine  (Fig.  1),  where  there  is  a  simple  circuit,  this  magnet  has  to  he 
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attached  somewhere.  A'ery  often  the  magnet  U  turned  vertwully, polM 
downward,  and  attached  to  a  cast-iron  bench.  1  faare  no  iloubt  in 
eome  lines  of  force  are  lost  (not  much  perhaps)  in  passing  acros*  trt 
the  magnet  to  this  iron  bench.  The  makers  of  the  machine,  1  ^uppa 
considered  this  to  some  extent,  but  what  is  needed  is  mea^aremeat 
that  point. 

Here  is  another  form  of  magnet  (Fig.  5).  That  machine  wouUI 
defective.  It  has  two  magnets  and  two  magnetic  circuits  in  tliefil 
of  one,  and  many  of  the  lines  of  force  probably  make  liitle  private  ( 
cuitB  of  their  own  around  in  that  way  (arrows).  Those  lines  of  U 
are  of  course  lost,  and  it  is  more  or  less  defective  in  that  respect 
would  be  better  to  diminish  the  number  of  magnetic  circuits  to  ou 

(I  am  only  giving  a  general  idea  of  the  principle  of  these  maclui 
and  I  do  not  refer  to  any  in  particular.) 

It  is  also  important  that  these  lines  of  magnetic  induction  shsll 
easy  passage  around  in  order  to  produce  the  most  intense  field.  1 
the  opening  between  the  annature  and  pole  pieces  must  be  mad 
small  as  possible,  in  order  that  the  lines  of  force  may  find  easy  pu 
across  it.  Everybody  recognizes  that.  Suppose  we  had  a  machine  n 
in  the  following  manner  (Fig.  6),  in  which  there  is  a  magnet 
a  Gramme  ring  here  (a),  and  pole  piece  here  {b).  a  ring  here  ((). 
pole  piece  here  (d),  but  no  pole  pieces  opposite  these.  How  ■« 
lines  of  force  to  pa.ss  around  ?  I  do  not  know  that  it  would  be 
see  how.  They  evidently  go  around  here  (arrows)  and  get  to  the  o 
side  the  best  way  they  can.  There  is  no  easy  passage  around  for 
lines  of  force  in  this  ease. 

A  Member.     May  they  not  to  some  extent  follow  the  shaft? 

Professor  Rowland.  It  is  evident  that  if  the  shaft  is  made  I 
enough  some  go  along  the  shaft  in  that  way  (arrows),  but  there  i 
easy  way  for  them  to  get  around. 

I  have  here  a  formula  for  the  amount  of  work  which  one  ha 
expend  upon  a  magnet  in  order  to  produce  a  certain  effect.  I  wiH' 
the  case  which  I  have  considered  most  efficient,  where  there  is 
magnetic  circuit.  It  is  an  original  idea  of  Faraday  that  these  liM 
force  are  conducted.  We  suppose  the  lines  of  force  to  pass  thr* 
the  iron  and  across  the  opening  in  this  way  (arrows.  Fig.  I),  and' 
are  caused  to  do  that  by  what  may  be  called  the  magneto-motiTe  i 
of  the  helix. 

I  will  just  obtain  an  expression  for  the  number  of  lines  of  fons 
This  is  not  the  quantity  which  Maxwell  considers,  but  it  indadM 
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irhole  number  of  lines  of  force  which  pass  through  the  magnet.  We 
may  write  B,  proportional  to  N,  the  number  of  turns  of  the  wire  around 
the  magnet,  and  C,  the  current;  and  inversely  proportional  to  the  re- 
sistance to  these  lines  of  force  in  going  around  the  circuit.  The  resist- 
to  the  lines  of  force,  is  proportional  to  L,  the  length  of  the  iron  of 
the  system,  divided  by  S,  the  cross-section  of  the  magnet,  supposing  it 
to  be  uniform,  into  ft,  the  magnetic  permeability  of  the  iron  (or  the 
conductivity  of  the  iron  far  the  lines  of  force).     This  quantity  /(  varies 

ith  the  current,  and  can  readily  be  obtained.  Some  years  ago  I  gave 
a  formula  for  it.  It  can  be  expressed  simply  as  dependent  upon  the 
magnetization  of  the  iron  and  a  constant  depending  upon  the  iron 
mlone.     We  have  something  more  to  add : 

Let  I  be  twice  the  width  of  the  opening  between  armature  and  polf 
piece,  and  A  the  area  across  which  the  lines  of  forco  flow;  then  wc 
have  to  add  j  and  another  quantity,  which  we  can  call  p,  which  depends 
upon  the  resistance  of  these  lines  of  force  which  escape  in  all  direc- 
tions and  represents  the  loss  due  to  that  escapement.  Thus  we  have 
the  final  value  for  the  number  of  lines  of  force  (or  rather  induction) 
in  the  magnet 

NC 

This  gives  us  an  equation  which  may  be  solved  with  respect  to  /t. 
The  curve  for  the  magnetic  permeability  is  of  this  nature  (Fig.  7).     It 
irill  be  of  H  more  or  less  flat  form,  according  to  the  value  of  (  and  p. 
Therefore,  in  increasing  the  magnetic  force  upon  the  magnet,  it  becomes 
easier  and  easier  to  magnetize  it  until  a  certain  point  is  reached,  and 
after  thai  it  becomes  harder  and  harder.     In  practice  the  core  should 
have  sufficient  cross-section  to  produce  a  very  strong  magnetic  field, 
but  not  80  great  as  to  require'too  much  wire  to  wind  it.     The  two  must 
fce  balanced,  which  can  only  be  done  by  calculation  or,  better,  by  experi- 
ments on  the  machine.     By  examining  the  force  of  the  magnet  at  each 
point,  and  in  that  way  getting  an  idea  of  how  these  lines  of  force  go, 
}  can  sec  whether  the  cross-section  of  the  core  is  large  enough  to 
i^roduce  all  the  lines  of  force  necessary  for  our  purpose  or  not.     Of 
Bourse^  in  order  to  have  suflicient  magneto-motive  force  to  send  lines  of 
across  tlic  opening  in  sufficient  quantity,  we  must  have  suflicient 
As  the  thicloiess  of  the  coil  is  increased,  we  have  to  iLie  more 
ire  in  proportiou  for  a  certain  diameter  of  core,  which  is  a  disadvan- 
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tage,  since  each  coil  acts  very  nearly  the  ^me  as  every  other  in  produi 
ing  force.  But  if  the  core  is  very  short  indeed,  wire  must  lie  iiileil  nn 
it  to  a  very  great  extent  in  order  to  get  guSicient  magnclo-motive  forte, 
and  as  iron  is  cheaper  than  copper  it  might  be  better  to  lengtheu  unt 
the  core.  I  do  not  know  where  the  lengthening  shonld  end,  but  I 
should  suppose  when  the  requisite  wire  on  the  magnet  maken  a  moilpt- 
ately  thin  layer.  Of  course,  as  we  lengthen  out  the  magnet,  thi-  reasl- 
ance  of  the  circuit  to  magnetization  becomes  greater;  but  that  i^  a  rer^ 
small  quantity.  I  do  not  suppose  the  increase  is  very  much  for  i 
considerable  lengthening  of  the  magnet.  As  I  said  before,  the  magnet) 
conductivity  of  iron  is  many  times  greater  than  that  of  air,  and  n 
lengthen  out  the  cores  without  producing  much  loss  on  account  of  tht 
lengthening. 

Some  persons  have  suggested  that  there  might  be  a  slight  gain  t 


the  fact  that  iron,  after  it  has  been  magnetized  a  great  number  of  ti 
in  the  same  direction,  rather  likes  to  be  magnetised  in  the  same  dj 
tion  afterwards.     If  the  core  is  made  of  any  material  similar  to  ai 
HHch  as  wrought  iron  or  anything  of  that  sort,  it  might  be  posaUi 
have  some  gain  from  the  coercive  power  of  the  magnet.     There  i 
be  loss  from  that  cause  at  first;  but  from  the  continual  use  of  1 
machine  1  think  it  very  likely  the  iron  might  get  a  set  in  the  direct! 
of  the  fon'P.     If  the  core  were  of  steel,  for  instance,  it  might  be  A    ' 
one  could  send  a  strong  current  through  at  first  and  magnetize  ihe  sM     ' 
Hnd  then  be  able  to  diminish  the  current  considerably  and  still  keep'     i 
a  very  large  magneto-motive  force.     I  do  not  know  how  practical  tf 
would  be,  but  it  seems  to  me  that  one  could  produce  a  very  strong  it 
in  that  way.     In  the  commencement  of  the  operation  of  the  i 
w<*  would  have  to  send  a  powerful  current  to  magnetize  the  steel,  i 
then,  without  stopping  the  current,  to  diminish  it.     Then  the  wtl 
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thp  steei  would  be  in  the  same  direction  with  the  current  and  produce 
the  field  with  less  expenditure  of  euergj'  than  if  it  were  simptj-  iron. 

There  is  no  difference  between  a  shunt  and  a  series  machine.  The 
magnetizing  force  on  Ihe  magnet  I  have  set  down  as  proportional  to  the 
number  of  turns  multiplied  by  the  current;  that  is,  proportional  to  the 
cross-section  of  the  coils  multiplied  by  the  current  per  unit  of  cross- 
section,  so  thai  the  magnetizing  action  can  be  the  same  either  from  a 
strong  current  or  a  weak  current.  Therefore,  if  the  exterior  dimen- 
sions of  the  coils  are  the  same  in  both  cafies,  the  same  energy  is  ex- 
pended in  each  in  order  to  produce  the  same  force,  so  that  there  is  no 


diflerence  between  a  sliuni  machine  and  a  series  machine  as  far  as  the 
economy  of  the  magnet  is  concerned. 

I  do  not  wish  to  take  up  too  much  of  your  time,  and  will  go  on  to 
the  heating  of  the  armature.  Of  course  the  amount  of  energy  expended 
in  the  heating  of  the  armature  will  be  dependent  on  the  resistance  of 
ihe  armature.  It  is  welt  known  that  the  efficiency  of  the  circuit  will 
merely  depend  upon  the  relation  between  the  resistance  of  the  arma- 
ture and  the  exterior  circuit. 

There  is  one  other  point  in  regard  to  losses;  'dead  wire."  I  think,  is 
the  technical  term  for  it:  I  mean  that  portion  of  the  wire  which  does 
not  cut  the  lines  of  force.     In  the  Gramme  pattern  the  armature  is 
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inside  of  the  rings.  In  the  Siemens  pattern  the  coils  are  aronnd  t 
ends  of  the  armature.  In  a  section  of  the  Gramme  ring  (Fig.  8).  the 
outside  portion  of  the  wire-  (a)  is  active,  since  the  lines  of  force  loUo* 
the  core  and  the  outside  of  the  ring  around;  but  the  lines  of  fores  4 
not  go  through  the  core  of  tlie  ring,  bo  that  the  inside  portion  [b)  is 
dead,  so  that  we  can  say  nearly  half  the  wire  is  dead  wire.  In  the 
Siemens  armature  one  cannot  see  immediately  how  much  deiid  vis 
there  will  be,  becHuse  it  depends  upon  the  length  of  the  armature.  Th 
wire  is  wound  around  in  that  way  (Fig.  fl).  and  this  portion  (a  a)  I 
active,  and  this  portion  (6  b)  is  dead.  If  the  armature  is  very  thick  i 
would  have  more  dead  wire  than  when  it  is  «imph  long.  1  cannot  n 
which  baa  the  more   ten  1  w  re   b  t  T   1  ir      a\  the  Oramme  has  mti 


than  the  Siemens.     Furthermore,  cither  in  the  Gramjne  ring  or  t 
Siemens  armature  (Fig.  10)  we  have  the  lines  of  force  riuiuJDg  a 
here  (arrows);  that  portion  is  active;  but  Ihese  portions  (a  a)  in  betn 
the  poles  are  dead,  and  when  the  armature  revolves  we  have  the  lid 
of  force  turning  around,  and  I  think  that  would  add  more  dead  i 
I  believe  an  attempt  has  been  made  to  throw  out  these  coils. 

There  is  no  necessity  to  go  further.     As  I  have  said,  the  efficiency  d 
the  circuit  depends  upon  the  ratio  of  the  resistance  of  the  armatutclj 
the  resistance  of  the  wires,  and  therefore,  as  far  as  this  point  is 
cemed,  any  machine  can  be  made  as  efficient  as  one  pleases  by  pnttl 
in  greater  and  greater  externa!  resistance.     But  as  the  magnet  r 
the  same,  we  would  find  a  point  where  the  efficiency  as  a  whole  ■ 
not  increase  for  an  increase  of  external  resistance,  but  would  aeto 
diminish.     There  are  other  thin;;;^  to  be  taken  account  of,  such  as  IN 
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^  dvie  to  the  self  induction  of  the  coils  which  produce  gparke  in  them. 
I  have  requested  Professor  Fitzgerald  to  take  up  that  point,  and  will 
leave  it  for  him  to  consider. 

There  is  another  point  with  regard  to  the  dynamo  which  can  be 
treated  in  this  dniple  manner  with  no  use  of  the  calculus.  This  is 
very  simple  reasoning  if  you  only  know  the  principles.  I  shall  con- 
sider two  machines  similar  in  all  respects,  except  that  one  is  larger  than 
the  other,  or  rather  consider  one  machine,  and  see  what  the  effect  will 
be  when  that  machine  gradually  changes  in  size. 

The  point  from  which  we  start  shall  be  that  the  magnetic  field  is  con- 
stant in  the  two  machines.  For,  owing  to  the  fact  that  there  is  a  limit 
in  the  magnetization  of  a  magnet,  we  cannot  have  a  field  with  more 


than  certain  strength  produced  by  iron,  and  I  will  suppose  that  the 
strength  is  rcasonabh  neur  that  maximum  for  iron.  It  cannot  be  up 
to  the  mosimum  etr(.ngth  of  course,  hut  somewhere  near  it.  I  made 
some  experiments  maii\  >ears  ago  upon  an  ordinary  magnet,  the  results 
of  which  were  published  in  "silbman's  Journal,  by  means  of  what  I  cull 
the  magnetic  proof  plane  (Am.  J.  Sci,,  vol.  10,  1875,  p.  14.)  It 
applies  beautifully  to  dynamo  machines,  and  I  obtained  everything  with 
it  that  I  have  referred  to  here,  If  I  remember  right.  I  found  in  that 
msgnet  about  one-third  of  the  field  that  an  iron  magnet  could  pos- 
sibly have. 

It  is  theoretically  possible  to  get  a  force  equal  to  the  magnetizability 
of  the  iron,  but  practically,  1  suppose  that  instance  is  about  the  case 
of  the  ordinary  dynamo  machine.  We  ~tart.  then,  with  the  supposition 
that  the  field  of  force  in  the  two  miiebincs,  one  of  which  is  larger  than 
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the  other,  is  constant.  That  is  to  say,  the  magnetizing  force  atsnj 
point  of  one  machine  is  equal  to  that  at  a  similar  point  in  the  ntliei 
machine.  In  making  a  drawing  of  the  machines,  it  would  not  matter 
about  the  scale  of  dimensions;  the  force  at  a  certain  point  is  a  cerUia 
« mount  whatever  the  scale. 

Next  consider  what  must  be  the  current  through  the  wire  in  the 
machines.     There  are  the  same  numbers  of  turns  of  wire  aronfld  ths 
magnet,  and  everything  is  the  same  except  the  dimensions.    Consider 
the  current  passing  around  the  coil  of  a  tangent  galvanometer.    If  th( 
galvanometer  grow,  in  order  to  produce  the  same  effect  at  (he  tentrt 
(and  not  only  at  the  centre  hut  at  every  point),  the  current  must  iJ 
crease  in  direct  proportion  to  the  radius  of  the  coil.     When  the  coil 
twice  as  large  the  current  must  be  twice  as  large,  in  order  to  prodm 
the  same  force  at  every  point.     Thus,  if  there  is  no  difference  in  thl 
material  of  the  two  machines,  we  have  their  currents  in  direct  projwri 
tion  to  their  linear  dimensions.     Make  a  macliine  twice  as  large  »n^ 
the  current  in  the  coils  must  be  twice  as  great  to  produce  the  ss 
magneto-motive  force.     Of  course  the  wire  has  increased  in  size; 
the  machine  has  increased  to  twice  its  original  size  the  cross-sectioi 
of  the  wire  has  increased  four  times.     In  other  words,  from  that  cam 
the  current  per  unit  of  area  will  vary  inversely  as  the  square  of  I,  ih 
linear  dimensions:  and  since  we  have  found  the  current  to  vary  direct! 
as  I,  in  order  to  retain  the  same  force  in  the  field,  by  a  combination 
the  two  reBultii,  it  varies  inversely,  as  /.     Therefore,  so  far  as  t 
magnets  are  concerned,  the  heating  effect,  which  depends  upon  ti 
current  per  unit  of  cross -sec  tion,  will  decrease  with  the  size,  while 
surface  will  increase  in  proportion  to  the  square  of  the  size.    Thel 
will,  therefore,  he  less  danger  of  heating  in  a  large  magnet  thm  ia 
small  magnet,  but  this  is  only  with  respect  to  the  magnet. 

The  resistance  of  any  part  of  the  machine  varies,  nf  course,  direct 
as  the  length  of  the  wire,  and  inversely  as  the  cross-section.  The 
section  varies  as  P,  so  that  resistance  varies  inversely  as  1.  Therefa 
the  larger  the  machine  the  less  the  resistance:  one  machine  being 
as  large  as  the  other,  the  resistance  will  be  half  as  great.  This  appU 
not  only  to  the  work  of  the  magnets,  but  to  the  work  of  the  armatui 

I  will  now  consider  the  electro-motive  force.  The  electro-moti 
force  is  proportional  to  the  product  of  the  current  and  the  r«sietai 
or  we  may  write  E  =  EC.  We  have  the  current  proportional  to  K  i 
the  resistance  inversely  proportional  to  I;  therefore  the  eteetro-mofi 
force  is  constant.     As  we  are  running  the  machine,  it  turns  o 
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the  electro-motive  fort'c  dues  not  vary  witb  the  size,  but  we  hIiuU  pres- 
ently Bee  liow  tliis  is  modified  so  as  to  get  greater  electro-motive  force 
for  the  larger  machine. 

The  work  done  is  CR  in  any  part  of  the  machine,  or  in  llie  whole 
machine,  just  as  you  please.  This  varies  directly  as  /.  Therefore  the 
one  machine  which  in  twice  as  large  as  the  other  requires  twice  &s  much 
power  to  run  it,  and  twice  as  much  electrical  energy  comes  out  of  it. 
But  it  is  to  be  reniembered  that  the  weight  of  the  machine  varies  as  I', 
and  we  only  get  work  proportional  to  /  out  of  it. 

So  far  as  results  go,  we  have  constructed  two  machines  which  differ 
only  in  size.  The  efficiency  of  these  two  machines  is  a  constant  quan- 
tity. That  will  be  rather  startling  to  some,  who  think  a  large  machine 
i$  more  efficient  than  a  small  one.  As  far  as  we  have  gone  in  any  two 
uiaehinee,  one  of  which  is  simply  larger  than  the  other,  the  efficiency  is 
the  same. 

But  if  we  calculate  the  angular  velocity  of  the  armature  to  keep  the 
proper  current  we  shall  find  that  it  varies  inversely  as  the  square  of  the 
linear  dimensions.  In  other  words,  in  one  machine  twice  as  large 
us  another  the  velocity  of  the  armature  must  be  only  one-fourth  as 
great  in  order  to  produce  the  proper  current  in  the  wires.  This  takes 
act'ouul,  I  think,  of  every  irregularity  in  the  machine.  The  two 
tiiiichines  are  ei^actly  the  same  in  every  respect.  1  have  not  added  the 
loss  for  the  sclf-in  duett  on  of  the  coil.  I  have  an  idea  that  this  also 
should  be  taken  into  account,  but  Mr.  Fitzgerald  will  consider  that 
point. 

\ow  the  question  comes  up,  can  we  increase  the  velocity  of  the  arma- 
ture above  that  point?  Is  it  practically  necessary  that  we  should  run 
one  machine  at  one-fourth  of  the  angular  velocity  if  it  is  twice  as  large? 
!l  19  a  practical  question;  but  I  should  certainly  think  the  velocity  was 
not  in  that  proportion.  I  should  think  it  would  be  more  nearly  in- 
rersely  a*  the  size  and  not  inversely  as  the  square  of  the  size.  If  so, 
then  by  bo  arranging  the  wire  of  the  armature  as  to  increase  the  pro- 
portion of  external  resistance  we  can  have  the  same  current  per  unit 
of  section  when  running  the  armature  faster  and  the  same  electro- 
motive force.  If  we  do  that,  this  whole  theory  applies;  but  we  shall 
have  increased  the  external  resistance  of  the  machine  in  comparison 
with  the  resistance  of  the  armature,  and  when  we  do  that  we  increase 
the  efficiency  of  the  machine, 

I  think  it  is  from  this  cause  that  we  find  large  machines  more  efficient 
Ihan  smaller  ones;  but  it  is  also  evident  that  there  is  a  limit  to  this. 
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which  can  only  be  obtained,  I  suppose,  from  practically  making  the 
machines  and  seeing  how  much  faster  they  may  be  run  without  flying 
to  pieces.  As  far  as  this  theory  goes,  the  increase  comes  not  from  the 
size  of  the  machine,  but  from  the  fact  that  we  can  get  a  greater  electro- 
motive force  with  the  same  angular  velocity,  and  so  can  reduce  the 
internal  resistance  in  proportion.  In  very  large  machines  we  can  make 
the  wire  with  one  turn,  not  several  turns — simply  bars  on  the  machines. 
We  thus  decrease  the  resistance  of  the  machine,  and  at  the  same  time, 
if  we  run  it  above  this  proportion  which  I  have  pointed  out,  we  obtain 
the  proper  electro-motive  force.  In  other  words,  the  proper  electro- 
motive force  is  more  easily  obtained  from  the  large  than  the  small 
machine,  because  it  is  not  practically  necessary  to  decrease  the  velocity 
so  as  to  keep  it  inversely  as  the  square  of  the  size. 

[Discussion  by  Professor  Elihu  Thomson  and  others.] 

With  respect  to  Mr.  Thomson's  remarks,  I  am  very  glad  to  see  the 
matter  taken  up  in  this  spirit  and  to  have  my  principles  intelligently 
criticised.  However,  there  was  one  remark  which  I  wish  to  state  imme- 
diately as  an  error,  of  course,  with  regard  to  the  steel.  Steel  can  be 
magnetized  to  exactly  the  same  degree  as  soft  iron.  There  is  no  differ- 
ence between  soft  iron  and  steel  in  that  respect,  except  that  we  require 
an  immensely  greater  force  to  magnetize  steel  to  the  same  extent  as 
iron.  There  are  some  old  papers  of  mine,  which  were  published  in  the 
"Philosophical  Ma^jaziiie/  I  heliovo,  in  1873,  relatiii<?  to  cxperinieiits 
where  1  took  iron  and  steel  and  several  other  metals,  and  sliowed  that 
the  inaxinuini  ma^i^ietization  was  the  same  in  all  cases. 

But  with  respect  to  a  nnniher  of  statements  with  regard  to  flat  inas:- 
nets  and  ronnd  nia^niets  I  am  very  ijlad  to  see  niv  remarks  criticised  in 
the  nianner  that  tliey  were,  liecanse  it  shows  the  need  of  exactly  what 
I  stated;  and  that  is  experiments  upon  this  subject.  The  qnestion  is 
one  of  ([uantity.  ^[y  reasoning;  gave  results  in  one  direction,  and  Mr. 
Thomson  gave  reasons  for  making  the  magnet  in  another  way,  and  it  is 
a  ([uantitative  question  of  course  as  to  which  is  the  best:  and  for  that 
reason  I  want  very  much  to  see  ex})criments  made  in  the  manner  which 
I  have  described  by  means  of  this  '  magnetic  proof  plane,'  so  as  to  find 
out  what  the  escape  of  the  lines  of  nuignetic  force  in  all  cases  is. 

T  think  we  can  decide  on  one  ])oinl  that  was  brought  up  without  any 
trouble,  and  that  is  with  respect  to  the  dynamo  made  with  exteiidc«l 
pole  j)iece  (Fig.  '2),  where  it  was  assumed  that  the  lines  of  force  ha<l  a 
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tendency  to  go  iu  a  parliciilar  direction,  that  it  was  a  sort  of  guu  shoot- 
ing the  lines  of  force  through  the  armature.  That  is  not  true,  beeauae 
they  do  not  have  any  tendency  to  go  that  way  at  all,  and  we  would  only 
add  that  much  to  the  area  of  the  end  of  the  magnet.  Very  few  lines  of 
force  will  go  out  there,  and  by  putting  this  additional  magnet  on  we 
add  to  the  area  of  the  magnet.  The  lines  of  force  will  go  out  at  the 
sides  probably  in  greater  numbers  than  they  would  at  the  end,  so  that 
I  do  not  think  that  partieuiar  objection  holds  in  that  particular  case. 
It  is  a  question  of  quantity;  the  thing  should  be  measured  and  found 
out,  I  see  very  plainly  in  my  own  mind  that  more  lines  of  force  would 
go  out  the  side  by  adding  this  iron  here  (Fig.  2)  than  would  go  out  at 
ihe  end  of  it  by  leaving  it  vacant,  as  in  Fig.  1.  But  it  is  a  matter  of 
mere  opinion.  Another  reason  for  having  fewer  magnets  is  that  the 
surface  is  greater  in  the  case  of  the  larger  number  than  of  the  smaller 
number  for  the  lines  of  force  to  escape  from. 

There  was  another  point  brought  up  here  with  respect  to  the  machine 
which  was  made  in  this  way  (Fig.  4).  It  was  stated  that  there  was 
some  gain  from  the  magnetic  action  of  this  coil  on  the  iron  outside. 
There  is  undoubtedly  a  gain:  the  question  is  how  much,  and  whether 
more  lines  do  not  escape  than  would  make  up  for  that.  With  no 
experiments  to  go  on,  it  is  a  ease  of  judgment.  My  own  judgment 
would  be  that  there  would  be  verj-  little  gain;  but,  as  I  said  before,  the 
thing  should  be  measured,  and  then  wc  could  find  out  about  that  point. 


[Discussion   by   Professors  Sylvt 
others.] 


.  Thompson  and   .Vnthony  and 


I  am  very  glad  that  that  point  of  hollow  magnets  has  been  brought 
op,  as  I  think  that  the  question  of  hollow  magnets,  hollow  lightning 
rodfl,  and  a  great  many  similar  things,  causes  more  difficulty,  especially 
to  practical  men,  than  almost  anything  else.  It  can  be  explained  in 
a  very  few  words.  Take  a  hollow  bar  having  the  magnetizing  coil 
around  it  acting  to  send  lines  of  force  along  it.  They  have  got  to  go 
out  to  make  their  complete  circuit.  They  could  only  end  at  a  certain 
point  if  we  had  free  magnetism,  that  is,  a  separate  magnetic  fluid. 
I  speak  not  from  a  physical  sense  hut  from  a  mathematical  point  of 
riew.  The  principal  resistance  to  the  propagation  of  these  lines  of 
force  is  in  the  air  and  not  in  the  magnet.  If  we  take  away  a  large 
portion  of  the  interior  of  that  magnet  we  will  have  the  surface  the 
aaae  as  it  was  before,  and  consequently  the  estemal  resistances  are  the 
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same.  In  such  a  case  a^^  that  we  leave  the  magDet  about  as  strong  a af 
it  was  before.  But  that  would  not  be  the  case  if  we  compress  magnet -j" 
ism  until  we  get  it  up  to  the  point  of  magnetization  of  the  centre.  In« 
that  case  we  should  need  the  whole  mass,  and  it  is  almost  impossible 
to  magnetize  to  any  extent  without  the  centre  coming  in.  It  depenrUl 
on  the  length  of  the  bar.  If  we  bring  the  bar  around,  making  i  com-r 
plete  magnetic  circuit  of  the  thing,  so  that  the  lines  of  force  do  ootfl 
have  to  pass  out  into  the  air  at  all  when  we  put  a  wire  around  it  si 
to  wiMd  it  like  a  ring  at  every  point,  in  that  case  the  wliole  crosa-secliiiD  I 
becomes  equally  magnetized,  if  it  is  not  bent  too  much.  If  it  is  a  larpi 
ring  of  small  cross-section,  it  is  perfectly  magnetized  across  from  side  V 
to  side.  We  know  that  perfectly  well ;  it  is  a  result  of  the  law  of  oon-  I 
eervation  of  energy.  The  ease  of  dynamos  is  like  that.  We  retjnits  | 
the  whole  cross-section  to  transmit  these  lines  around.  The  reaiatanw  i 
to  the  magnetization  comes  partly  from  this  opening  and  partly  (roo  I 
the  iron.  We  have  no  gain  in  making  these  cylinders  hollow;  indeed | 
we  rather  increase  the  outside  surface  to  let  lines  of  force  flow  iuto  ll 
air.  In  the  case  of  a  djmamo  machine,  the  solid  form  i 
desirable,  but  by  far  the  most  efficient. 

I  have  thought  of  that  matter  a  great  deal,  and  experimented  a 
it.     Indeed  this  closed  circuit  is  the  very  idea  from  which  the  f 
bility  of  the  iron  is  determined.     All  the  calculations  upon  that  s 
ject  are  based  iipon  that  law.     I  think  there  can  be  no  doubt  thi 
the  dynamo  the  solid  form  is  the  proper  form,  and  that  the  whole  c 
section  is  effective.     The  whole  cross-section  of  a  round  piece  is  ja 
effective  as  the  whole  cross-section  of  a  flat  piece.     The  flat  j 
poses  more  surface  to  the  air,  and  there  is  more  surface  for  the 
to  escape  from.     That  is  another  reason  for  not  making  the  i 
flat.     The  round  form  is  that  in  which  there  is  the  least  surface,  i 
therefore  the  least  liability  of  the  lines  of  force  to  escape. 
conduct  the  lines  of  force  by  a  round  piece  to  any  point  you  desire  tt 
better  than  by  a  flat  piece. 


[Di 


by  Professor  Sylvanus  Thompson.] 


I  do  not  know  that  the  theory  bears  upon  the  solidity  of  the  c 
Of  course,  the  more  iron  in  there  the  better  is  the  efliciency  of  t 
machine.  I  suppose  there  would  be  no  objection  to  dividing  t 
cylinder  up  iuto  a  number,  so  that  the  Foucault  cnrrente  could  1 
exist,  if  the  exterior  form  was  round;  but  I  do  have  an  objection! 
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makmg  it  any  other  shape.  Indeed,  currents  could  be  more  thoroughly 
eliminated  by  dividing  up  the  cross-section  than  by  making  it  of  a 
veiy  elongated  form. 

[Dificussion  by  Professor  Elihu  Thomson.] 

I  do  not  like  to  rise  so  often,  but  I  think  there  is  some  misapprehen- 

rion.   I  have  not  said  anything  about  large  masses  of  iron.     There  are 

tke  game  masses  of  iron  in  my  method  as  in  any  other.     The  only 

(pestion  is  as  to  making  them  round  or  elongated.     Of  course  by 

ffiriding  this  core  up  it  becomes  similar  to  a  core  of  the  Ruhmkorff 

eofl,  and  the  currents  change  very  rapidly.     From  Professor  Sylvanub 

Hiompson's  remarks,  I  thought  that  that  was  desirable.     One  cannot 

ttf  that  the  current  is  transferred  from  the  core  to  the  wires  outside. 

He  same  current  might  take  place,  and,  if  the  resistances  are  the 

•une,  would  take  place  in  the  wires  outside  in  both  cases.     By  lengthen- 

iog  the  time  of  action  one  decreases  the  electro-motive  force  or  de- 

Qtises  the  external  current.     If  the  time  is  ten  minutes  one  would 

hife  one  electro-motive  force  for  the  external  current;  if  it  is  five 

ttnmtes,  the  electro-motive  force  would  be  somewhere  near  twice  as 

peat  as  before,  the  whole  quantity  of  electricity  passing  being  the  same 

io  both  cases. 
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ON  LIGHTNING  PROTECTION 

[Report  of  the  Electrical  Conference  at  Philadelphia  in  NoTember,  1884,  pp.  173-174 ; 

Washington,  1886] 

As  this  is  an  important  question,  especially  in  some  of  the  Western 
States,  I  will  say  a  few  words. 

In  order  to  protect  buildings  from  lightning  we  must  have  a  space 
into  which  the  lightning  cannot  come,  and  have  the  house  situated  in 
that  space.  What  sort  of  a  space  do  we  know  in  electrical  science  into 
which  electricity  cannot  enter  from  the  outside?  It  is  a  closed  space — 
I  mean  a  space  inclosed  by  a  very  good  conducting  body.  All  the  light- 
ning in  the  world  might  play  around  a  hollow  copper  globe  and  it  would 
not  affect  in  the  slightest  degree  anything  inside  the  globe;  but  the 
the  walls  of  the  vessel  need  not  be  solid  metal.  Of  course,  if  solid,  it 
is  all  the  better;  but  if  it  is  made  of  a  net- work  of  very  good  conducting 
material  it  would  protect  the  inside  from  lightning  strokes.  A  spark 
striking  on  one  side  of  such  wire  cage  would  find  it  easier  to  go  around 
through  the  wire  of  the  cage  to  the  other  side  than  it  would  to  go 
through  the  centre.  This  is  Maxwell's  idea,  with  reference  to  protec- 
tion of  house«i  from  light niiijir,  viz.,  to  oiiclose  the  house  in  a  rough  cage 
of  conducting  material.  Suppose,  for  instance,  this  box  is  the  house, 
and  suppose  we  start  from  the  n^of  and  run  a  rod  diagonally  to  each 
corner  and  thence  down  to  the  earth.  We  thus  make  a  rough  cage. 
Of  course  there  are  openings  on  the  sides:  and  if  we  wished  to  make  a 
better  protection  we  could  put  rods  down  the  sides  wherever  we  wished. 
Xow,  tlicre  is  ground  nnderneatli  tlie  house,  and  the  lightning  migiit, 
by  jumping  across  the  centre,  find  a  good  conductor  tlirough  the  middle 
of  the  house  and  go  down  to  the  cartli  in  that  way.  How  do  we  prevent 
that?  By  running  the  lightning-rods  clear  across  underneath  tlie 
house.  Then  tlie  lightning  would  find  it  easier  to  go  around  the  house 
than  to  jump  across,  even  if  there  were  a  good  conductor  through  the 
middle.  A  house  inclosed  in  a  cage  of  that  sort  would  be  perfectly 
])rotccted,  cveri  if  it  were  a  powder  magazine,  or  anything  of  that  sort. 
Of  course,  in  the  case  of  petroleum  storage  reservoirs,  where  fumes  are 
given  off,  there  would  he  danger  then,  as  tlie  stroke  might  ignite  the 
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I  of  the  pftrolciini.     That  would  not  be  the  case  of  a  powder 
negazine.     The  proteetioa  in  that  ease  could  be  made  perfect. 

It  is  not  neeestiary  to  have  lightning-rods   insulated.     Indeed   the 

Question  is,  can  we  insulate  a  lightning-rod  ?     We  may  insulate  it  for  a 

mall  potential,  but  lightning  coming  from  a  mile  or  two  to  strike  a 

Jtome  is  not  going  to  pay  any  attention  to  such  an  insulator:  we  may 

ist  as  well  nail  the  lightning-rod  directly  to  the  liouse  as  far  as  that 


The  idea  of  having  the  lightning-rods  inclose  the  bottom  as  well  as 
he  eideB  of  the  house  is  very  important,  because  we  do  not  know,  and 
;  have  no  right  to  assume,  that  the  earth  is  a  good  conductor.  We 
I  »re  perfectly  certain  if  the  earth  forms  a  good  conductor  that  then  the 
lightning  could  go  down  at  the  sides  into  the  earth.  By  inclosing  the 
house  in  a  ease  both  below  and  above  we  obviate  all  that  difficulty,  and 
it  makes  no  difference  whether  the  earth  is  a  good  conductor  or  not. 

^I  am  glad  of  this  public  opportunity  to  say  something  with  regard  to 
a  peculiar  form  of  lightning-rod;  it  is  in  reference  to  a  form  of  a  rod 
shaped  like  the  letter  U.  I  think  the  idea  is  that  the  lightning  strikes 
on  one  side,  and  that  it  goes  down  and  has  inertia  and  flies  up  again. 
The  company  which  advocated  this  idea  had  the  impudence  to  bring  a 
lawsuit  against  a  scientific  man  who  said  it  was  a  humbug.  A  company 
lof  course  can  make  a  great  deal  of  trouble  to  one  man;  but  when  there 
1  such  a  gross  humbug  as  that  around,  one  would  like  to  undergo  the 
Lnger  of  a  lawsuit.  There  is  nothing  scientific  about  it;  it  will  endau- 
Iger  life  in  any  bouse  in  which  it  is  placed. 

Mr.  Scott.     I  would  like  to  ask  whether  a  building  constructed  of 
Iron  would  not  be  completely  protected  from  lightning? 

Professor  Rowlaxd.  Yes,  if  it  has  a  floor  of  iron  too.  If  a  gas-pipe 
me  up  into  the  centre  the  lightning  might  find  it  cssier  to  go  acroa^ 
)  the  pipe  than  to  go  around.  But  if  we  made  a  floor  of  iron  the 
ightning  would  find  it  easier  to  go  around  than  across  to  the  pipe.  It 
Diuet  be  an  entirely  inclosed  house. 
Mr.  Scott.  Then  would  not  a  petroleum  tank  entirely  constructed 
t  iron  with  an  iron  bottom  be  the  safest  inclosure  possible  for  petro- 

Profesfior  Rowland.     The  peculiarity  of  that  is  that  the  fnmes  of 

ntroleum  are  all  the  time  coming  out  from  the  cracks.     The  whole  out- 

Kde  is  probably  covered  with  petroleum,     I  suppose  also  the  ground  is 

nturated  with  petroleum.     The  petroleum  as  fur  as  the  inside  goes 

ronld  be  perfectly  safe. 
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Lieutenant  Fibke.  I  would  like  to  ask  how  far  liKiuniiig  obeys  the 
ordinary  law  of  curreDts,  whether  it  takee  the  path  of  least  reaistanw 
or  not.  Bo  high  potentials  always  do  that?  In  gencnil  across  a  nar- 
row space  the  resigtance  is  greater  than  going  around  liy  the  iron,  uJ 
the  question  is,  to  what  extent  does  the  lightning  oliey  the  law  of 
circuits  ? 

Professor  Rowland.  I  would  like  to  say  one  word  more  with  rwpwt 
to  petroleum.  In  the  cane  of  the  tank  you  have  a  mixture  of  the  petro- 
leum vapor  and  air  which  probably  would  explode.  Unless  the  tank™ 
a  very  good  conductor  there  might  he  also  a  little  ^park  in  the  interiK, 
not  enough  to  hurt  a  man  in  there;  hut  the  smallest  spark  inside  tht 
tank  would  cause  an  explosion,  I  am  not  certain  whether  the  iron 
the  tank  is  a  good  enough  conductor  to  prevent  every  trace  of : 
the  interior.  Indeed,  suppose  we  had  a  tank  with  a  cover  i 
Thut  is  supposed  to  be  a  closed  vessel,  yet  the  lightning  would 
pass  from  top  to  bottom  between  the  cover  and  the  tank,  and  pi 
a  little  spark  would  take  place  in  the  interior;  and  poiisibly  ii 
from  one  of  the  plates  of  the  iron  tank  to  the  other  it  may  fin 
resistance  and  jump  over  some  small  plate  in  the  interior  of  th 
It  would  he  a  most  difficult  thing  to  protect. 

With  regard  to  that  other  question,  lightning  in  the  air,  of 
does  not  obey  Ohm's  law;  it  is  entirely  a  discontinuous  anomaly, 
like  the  breaking  of  a  metal.     A  piece  of  metal  is  supposed  to  br« 
a  certain  strain:  but  it  does  not  always  break  then:  it  pulls 
strings  or  something  of  that  sort.     One  cannot  measure  the  di 
and  say  the  lightning  is  going  to  jump  across  that  distance. 
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THE  VALUE  OF  THE  OHM 

[La  LumUre  tlecirique,  XXVI,  pp.  188,  189,  477,  1887] 

La  Valeur  de  rUnit^  de  Resistance  de  rAssociation  Britannique. 

A  la  derni^re  reunion  de  V  Association  britannique,  le  professeur 
H.  A.  Rowland  a  donn^  la  valeur  definitive  de  I'unite  de  resistance 
electrique  de  FAssociation,  telle  qu'elle  a  ete  determinee  par  la  com- 
mission americaine.  La  valeur  donnee  en  1876  etait  :  unite  B.  A.  = 
0-9878  ohm. 

Dans  la  demicre  determination,  on  s'est  servi  des  methodes  de  Kirch- 
hoff  et  de  celle  de  Lorenz. 

La  premiere  a  donne  une  valeur  de  0-98(>4()  ±  40  et  la  seconde  0-9864 
±  18;  son  erreur  probable  est  done  de  moins  de  la  moilie  de  celle  de  la 
premiere  methode. 

Le  professeur  Rowland  a  ^galement  determine  la  resistance  d'une 
colonne  de  mercure  de  1  mm.^  de  section  et  de  100  centimetres  de  lon- 
gueur, et  a  trouve  0-95349  unites  B.  A. 

0 

Valeur  de  I'Etalon  H,  A,  de  TOhm,  d'apres  les  Mesures  de  la  Com- 
mission, Americaine,  par  Rowland. 

Les  observations  ont  ete  tcrminees  en  1884  deja,  mais  les  calculs 
viennent  d'etre  termines  et  seront  publies  prochaineiiiont.     En  1786: 

Rowland  a  trouve  1  unite  H.  .L  =  0-9878  ohm. 

Kimball  a  trouve  1  unite  B.  .4.  =  00870  ohm. 

Maintenant  Rowland  trouve  par  la  niethode  de  Kirchhoff  et  a  Taide 
de  73  observations 

1  unite  B.  A,  =  (0-9S(>*>:   ±  40)  ohms 
et  Kimball  par  la  methods  do  Lorrnz  et  au  moyen  de  43  observations 

1  unite  /^..L  =  (0-981)42  ±18)  ohms. 

En  eomhinant  les  deux  resultats,  on  trouve  (jue  I'unite  mercurielle  est 
egale  it  0-95349  unites  B.  .1.,  c'est-^-dire  que  Tohiii  de  mercure  cor- 
respond a  une  colonne  de  mercure  de  106-32  cm. 

Rappelons  ici  les  valours  obtenues  par  differents  i)hysiciens  et  qui  se 
rapprochent  le  plus  du  result  at  ci-dessus: 
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Lord  Rayleigh     106-25  cm. 

Glazebrook  106-29  cm. 

Wiedemann      106-19  em. 

Maseart    106-37  cm. 

Weber  10616  cm. 
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ox  A  SIMPLE  ANU  CONVENIENT  FORM  OF  WATER  HATTER Y 


[3],  XXXIIl,    147,    1887;    PMlotopMral    Mayatiur 
Hopklnt  Vnivtrtity  Circular;  A'o.  57.  p.  HO,  ISBT) 


t«»*nf«M    /o-rnar  of   &le»i 
XXnt.  aOM,  1887;  /oAh 

Kor  some  time  I  have  had  iu  use  in  my  laboratory  a  moKt  simplu, 
conveiiicnt  and  cheap  form  of  water  battery-  whose  design  has  been  in 
one  of  ni.v  note-books  for  at  least  fifteen  yearw.  It  lias  proved  wo  useful 
that  I  give  lielow  a  description  for  the  use  of  other  phyaicistfl. 

Strips  of  zinc  and  copper,  each  two  inches  wide,  are  soldered  to- 
other along  their  edges  so  as  to  make  a  corabineti  strip  of  a  little  less 
than  four  inches  wide,  allowing  for  the  overlapping-  It  is  then  cut 
bj-  eheare  into  pieces  about  one-fourth  of  an  inch  wide,  each  composed 
pf  half  zinc  and  half  copper. 

A  plate  of  glass,  very  thick  and  a  foot  or  less  square,  is  heated  and 
coated  with  shellac  about  an  eighth  of  an  inch  thick.  The  strips  of 
-copper  and  zinc  are  bent  into  the  shape  of  the  letter  U,  with  the 
\cboA  about  one-fourth  of  an  inch  apart,  and  are  heated  and  stuck 
shellac  in  rows,  the  soldered  portion  being  iised  in  the  shellac, 
tile  two  branches  standing  up  in  the  air,  so  that  the  zinc  of  one 
comes  within  one-sixteenth  of  an  inch  of  the  copper  of  the  next 
A  row  of  ten  inches  long  wUI  thus  contain  about  thirty  elements. 
rows  can  be  about  one-eighth  of  iin  inch  apart  and  therefore  in  a 
ten  inches  square  nearly  800  elements  can  be  placed.  The  plate 
leo  warmed  carefully  so  as  not  to  crack  and  a  mixture  of  beeswax 
reain,  which  mclt^  more  easily  than  shellac,  is  then  poured  on  the 
lo  a  depth  of  half  an  inch  to  hold  the  elements  in  place.  A  frame 
r  wood  is  made  around  the  back  of  the  plate  with  a  ring  screwed  to 
centre  so  that  the  whole  can  be  hung  up  with  the  zinc  and  copper 
ii>jit«i  below. 

hfti  retjuired  for  use,  lower  so  as  to  dip  the  tips  of  the  elements 
a  pan  of  water  and  hang  up  again.  The  space  between  the  ele- 
lU  being  iV  ^^^K  "'1'  hold  a  drop  of  water  which  will  not  evaporate 
■KMfliblv  an  hour.  Thus  the  battery  is  in  operation  in  a  minute  and 
r«lly  ineuJated  by  the  glass  and  cement. 

the  form  I  have  used,  but  the  strips  might  better  be  soldered 
lo  faof  along  one  edge,  cut  up  and  then  opened. 
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ON  AN  EXPLANATION  OF  THE  ACTION  OF  A  MAGNET  ON 

CHEMICAL  ACTION* 

Bt  Henrt  a.  Rowland  and  Louis  Bbll 

[American  Journal  of  Science   [3],  XXXVI,  89-47,  1888;    PhUowphical  Magazine  [5]. 

XXVI,  105-114,  1888] 

In  the  year  1881  Prof.  Remsen  discovered  that  magnetism  had  a 
very  remarkable  action  on  the  deposition  of  copper  from  one  of  its  solu- 
tions on  an  iron  plate,  and  he  published  an  account  in  the  American 
Chemical  Journal  for  the  year  1881.  There  were  two  distinct  phe- 
nomena then  described,  the  deposit  of  the  copper  in  lines  approximat- 
ing to  the  equipotential  lines  of  the  magnet,  and  the  protection  of  the 
iron  from  chemical  action  in  lines  around  the  edge  of  the  poles.  It 
seemed  probable  that  the  first  effect  was  due  to  currents  in  the  liquid 
produced  by  the  action  of  the  magnet  on  the  electric  currents  set  up 
in  the  liquid  by  the  deposited  copper  in  contact  with  the  iron  plate. 
The  theory  of  the  second  kind  of  action  was  given  by  one  of  us,  the 
action  being  ascribed  to  the  actual  attraction  of  the  magnet  for  the 
iron  and  not  to  the  magnetic  state  of  the  latter.  It  is  well  known 
since  tlie  time  of  Faraday  that  a  particle  of  magnetic  material  in  a 
magnetic  iield  tends  to  pass  from  the  weaker  to  the  stronger  portions 
of  the  tield,  and  tliis  is  expressed  mathematically  by  stating  that  the 
foree  aeting  on  the  particle  in  any  direction  is  proportional  to  the  rate 
of  variation  of  the  square  of  the  magnetic  foree  in  that  direetion. 
This  rate  of  variation  is  greatest  near  the  edges  and  points  of  a  mag- 
netie  pole,  and  more  work  will  be  required  to  tear  away  a  ])artiele  of 
iron  or  steel  from  such  an  edge  or  point  than  fi'om  a  hollow.  This 
follows  whether  the  tearing  awav  is  done  mechanieallv  or  chemical  1  v. 
Hence  the  points  and  edges  of  a  magnetic  pole,  eitlier  of  a  permanent 
or  induced  magnet,  are  protected  from  chemical  action. 

One  of  Prof.  Eemsen's  experiments  illustrates  tliis  most  beautifully. 
He  places  pieces  of  iron  wire  in  a  strong  magnetic  field,  with  their 
axes  along  the  lines  of  force.  On  attacking  them  with  dilute  nitric 
acid  thev  are  eaten  awav  until  thev  assume  an  hour-c^lass  form,  and  are 

^  Read  at  the  Maucbester  meetinij:  of  the  British  Association,  September,  ISST. 
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furthermore  pitted  on  the  ends  in  a  remarkable  manner.  On  Prof. 
Bemsen's  signifying  that  he  had  abandoned  the  field  for  the  present, 
we  set  to  work  to  illustrate  the  matter  in  another  manner  by  means 
of  the  electric  currents  produced  from  the  change  in  the  electrochemical 
nature  of  the  points  and  hollows  of  the  iron. 

The  first  experiments  were  conducted  as  follows :    Two  bits  of  iron 

or  steel  wire  about  1  mm.  in  diameter  and  10  mm.  long  were  imbedded 

fide  by  side  in  insulating  material,  and  each  was  attached  to  an  insulated 

^.   One  of  them  was  filed  to  a  sharp  point,  which  was  exposed  by 

cutting  away  a  little  of  the  insulation,  while  the  other  was  laid  bare  on 

•  portion  of  the  side.     The  connecting  wires  were  laid  to  a  reflecting 

pivanometer,  and  the  whole  arrangement  was  placed  in  a  small  beaker 

Wd  closely  between  the  poles  of  a  large  electromagnet,  the  iron  wires 

teng  in  the  direction  of  the  lines  of  force.     When  there  was  acid  or 

•ny  other  substance  acting  upon  iron  in  the  beaker,  there  was  always  a 

idection  of  the  galvanometer  due  to  the  slightly  different  action  on 

tte  two  poles.     When  the  magnet  was  excited  the  phenomena  were 

[   Tirioug.    When  dilute  nitric  acid  was  placed  in  the  beaker  and  the 

I    inignet  excited,  there  was  always  a  strong  throw  of  the  needle  at  the 

Dwment  of  making  circuit,  in  the  same  direction  as  if  the  sharp  pointed 

pole  had  been  replaced  by  copper  and  the  other  by  zinc.     This  throw 

:  did  not  usually  result  in  a  permanent  deflection,  but  the  needle  slowly 

;  Rtonied  toward  its  starting  point  and  nearly  always  passed  it  and 

r'  produced  a  reversed  deflection.     This  latter  effect  was  disregarded  for 

the  time  being,  and  attention  was  directed  to  the  laws  that  governed 

'  the  apparent  *  protective  throw,'  since  the  reversal  was  so  long  delayed 

=  i«  to  be  quite  evidently  due  to  after  effects  and  not  to  the  immediate 

vietion  of  the  magnet. 

,  With  nitric  acid  this  throw  was  always  present  in  greater  or  less 
Jdepee,  and  sometimes  remained  for  some  minutes  as  a  temporary 
Reflection,  the  time  varying  from  this  down  to  a  few  seconds.  The 
jktow  wafi  independent  of  direction  of  current  through  the  magnet,  and 
rently  varied  in  amount  with  the  strength  of  acid  and  with  the 
unt  of  deflection  due  to  the  original  difference  between  the  poles. 
latter  fact  simply  means  that  the  effect  produced  by  the  magnet 
Ik  more  noticeable  as  the  action  on  the  iron  becomes  freer. 
{When  a  pair  of  little  plates  exposed  in  the  middle  were  substituted 
the  wires,  or  when  the  exposed  point  of  the  latter  was  filed  to  a 
euTtace,  the  protective  throw  disappeared,  though  it  is  to  be  noted 
t  the  deflection  often  gradually  reversed  in  direction  when  the  cur- 
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rent  wae  sent  through  the  magiii-l:  i.  e.,  only  the  latter  part  or  the 
previous  phenomenon  appenrpd  iiutler  these  fircumstaneus. 

When  the  poleu,  insteud  of  being  plaeed  \a  the  Geld  along  the  line^ 
of  force,  were  held  firmly  perpendicidar  to  them,  the  protective  throw 
disappeared  completely,  though  as  before  there  was  a  slight  reverse 
after-effect. 

Some  of  ProfcHHor  Henisen'ii  experinjents  on  the  corrosion  of  a  wire 
in  strong  nitric  acid  were  repeated  with  the  same  results  as  he  obtained, 
viz.:  the  wire  was  eaten  away  to  the  general  duinb-bcll  form,  though 
the  protected  ends  instead  of  being  elub-shaped  were  perceptibly  hol- 
lowed. When  the  wire  thus  exposed  was  filed  to  a  sharp  point  the 
extreme  point  was  very  perfectly  protected,  while  there  was  a  slight 
tendency  to  hollow  the  sides  of  the  cone,  and  the  remainder  of  the 
wire  wast  as  in  the  previous  experiments.  In  both  cases  the  bars  were 
steel  and  showed  near  the  ends  curious  corrugations,  the  metat  being 
left  here  and  there  in  sharp  ridges  and  jwints.  In  one  case  the  cylinder 
was  eaten  away  on  sides  and  ends  so  that  a  ridge  of  almost  knife-like 
sharpness  was  left  projecting  from  the  pcripherj'  of  the  ends. 

These  were  the  principal  phenomena  observed  with  nitric  acid. 
Since  this  acid  is  the  only  one  which  attacks  iron  freely  in  the  cold,  in 
Prof.  Pemsen's  experiment,  this  was  the  one  to  which  experiments  were 
in  the  main  confined.  With  the  present  method,  however,  it  was  jtos- 
sible  to  trace  the  effect  of  the  magnet  whenever  there  was  the  slightest 
action  on  the  iron,  and  consequently  a  large  number  of  substances,  some 
of  which  hardly  produce  any  action,  could  be  used  with  not  a  little  facility. 

In  thus  extending  the  experiments  some  diiSculties  had  to  be 
encountered.  In  many  cases  the  action  on  the  iron  was  so  irregular 
that  it  was  only  after  numerous  experiments  under  widely  varying 
conditions  that  the  effect  of  the  magnet  could  be  definitely  determined. 
Frequently  the  direction  of  the  original  action  would  be  reversed  in  the 
course  of  a  series  of  experimcnt.t  without  any  apparent  cause,  but  in 
such  case  the  direction  of  the  effect  due  to  the  magnet  remained  always 
unchanged,  unifonnly  showing  protection  of  the  point  so  long  ns  the 
wires  remained  parallel  to  the  lines  of  force.  When,  however,  the 
original  action  and  the  magnetic  effect  coincided  in  direction,  the  repe- 
tition of  the  latter  showed  a  decided  tendency  to  increase  the  former. 

When  using  solutions  of  various  salts  more  or  less  freely  precipitated 
by  the  iron,  it  frequently  happened  that  the  normal  protective  throw 
was  nearly  or  quite  absent,  but  showed  itself  when  the  magnet  circuit 
was  broken  as  a  violent  throw  in  the  reverse  direction,  showing  that  the 
combination  had  been  acting  like  a  miniature  storage  battery  which 
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promptly  discharged  itself  when  the  charging  was  discontinued  by 
breakmg  the  current  through  the  magnet.  The  gradual  reversal  of 
the  current  some  little  time  after  exciting  the  magnet  was  noted  fre- 
quently in  these  cases,  as  before.  Owing  to  this  peculiarity  and  their 
generally  very  irregular  action,  the  various  salts  were  disagreeable  sub- 
rtances  to  experiment  with,  though  as  a  rule  they  gave  positive  results. 

Unless  the  poles  were  kept  clean  experimenting  became  difficult  from 
the  accumulation  of  decomposition  products  about  them  and  oxidation 
of  their  surfaces.  A  few  experiments  showed  how  easily  the  original 
Wection  could  be  modified,  nearly  annulled  or  even  reversed  in  direc- 
tion by  slight  differences  in  the  condition  of  the  poles.  These  difficul- 
ties of  the  method  are,  however,  more  than  counterbalanced  by  its 
i»pidity  and  delicacy  when  proper  precautions  are  taken. 

Xearly  thirty  substances  were  tested  in  the  manner  previously  de- 
scribed; but  comparatively  few  of  them  gave  very  decided  eflfects  with 
the  magnet,  though,  as  later  experiments  have  shown,  the  protective 
•rtion  is  a  general  one.  The  substances  first  tried  were  as  follows. 
The  table  shows  the  various  acids  and  salts  tried,  and  their  eflfects  as 
down  by  the  original  apparatus : 


Sue      aeld 

jAdpkuie   ««    

rilyiroeklorle  Mid 

Ihmic  «• 

thilie  «* 

tttteile  ** 

jCfaraiie  <* 

FhRkloiie  ** 

[liMe  •• 

(I 

►ric         •* 

Ic      ** 
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Notes. 


Always  powerful  protectiTe  throw. 
Does  not  act  Tery  readily  on  the  iron. 


Sometimes  quite  distinct  throw,  irregular. 
Much  less  marlied  than  with  chromic. 


Hardly  any  effect  on  iron. 
More  than  with  perchloric. 


Mainly  showing  as  throw,  on  breaking. 
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i  are  worthy  of  note  in  this  list.     In  the  first  place 

)ne  of  metallic  salts  which  are  precipitated  by  irou  all  show 

bw        [B  of  protective  action  when  the  eurrent  is  paseed  through 

lagnei.     Of  the  variouB  acids  this  is  not  generally  true;  only  those 

BLiii  the  magnetic  effect,  which  act  on  iron  without  the  evolution  of 

'     [en,  and  are  powerful  oxidizing  agents.     In  general,  substances 

acted  without  the  evolution  of  hydrogen  gave  an  effect  with  the 

□  these  experiments  if  was  quite  erident  that  the  protective 

whatever  its  cause,  was  more  general  than  at  first  appeared  and 

i'ere  next  taken  to  extend  it  to  the  other  magnetic  metala.     Small 

rere  made  of  nickel  and  cohalt  and  tried  in  the  same  manner  as 

e.     These  metals  are  acted  on  hut  very  slightly  by  roost  acids,  and 

inge  of  substances  which  could  be  used  was  therefore  very  small. 

J  the  subetances  which  gave  the  magnetic  effects  with  iron  poles 

a  precisely  similar,  though  much  smaller  effect,  whenever  they 

capable  of  acting  at  all  on  the  nickel  and  cohalt.     This  was  notably 

Case  with  nitric  acid,  bromine  water,  chlorine  water,  and  platinum 

^chloride,  which  were  the  substances  acting  readily  on  the  metals  in 

lotion.     Even  with  these  powerful  agents,  however,  the  magnetic 

Dto  was  very  much  less  than  vrith   iron,  and  experimentation  on 

mMkls  even  more  weakly  magnetic  was!  evidently  hopeless. 

As  a  preliminary  step  toward  ascertaining  the  cause  of  the  magnetic 
action  and  its  non-appearance  where  the  active  anbatance  evolved  hydro- 
gen, it  now  became  necessary  to  discover  and  if  possible  eliminate  the 
cause  of  the  reversal  of  the  current  which  regularly  followed  the  protec- 
tive throw.  Experiments  soon  showed  that  it  could  not  be  ascribed  to 
accumulation  of  decomposition  products  around  the  electrodes,  and 
polarization,  while  it  could  readily  neutralize  the  original  deflection, 
could  not  reverse  its  direction.  Whatever  the  cause,  it  was  one  which 
did  not  act  with  any  great  regularity,  and  it  was  soon  found  that  stirring 
the  liquid  while  the  magnet  was  on,  uniformly  produced  the  effect  ob- 
served. Since  one  pole  was  simply  exposed  over  a  small  portion  of  its 
side  while  the  other  had  a  sharp  projecting  point,  it  was  the  latter  which 
was  most  freely  attacked  when  there  were  currents  in  the  liquid,  whether 
these  were  stirred  up  artificially  or  were  produced  by  the  change  in  gal- 
vanic action  due  to  the  presence  of  the  magnet.  When  the  poles  were 
placed  in  fine  sand  saturated  with  acid  this  reversing  action  was  much 
diminished,  and  in  fact  anything  which  tended  to  hinder  free  circulation 
of  the  liquid  produced  the  same  effect.    Several  materials  were  tried  and 
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o£  these  the  most  sueceBsfu!  was  an  acidulated  gelatine  wliich  was 
illo»ed  to  harden  around  the  polei^.  In  this  case  the  protective  throw 
nmot  nearly  ae  large  a&  in  the  free  acid,  since  the  electrodes  tended 
lo  become  polarized  while  the  gelatine  was  hardening,  and  only  weakly 
»cid gelatine  would  harden  at  all;  but  the  reversing  action  completely 
diMppeared,  so  that,  when  the  magnet  was  put  on,  a  permanent  detiee- 
tioti  was  produced  instead  of  a  transitory  throw. 

This  point  being  cleared  up  attention  was  next  turned  to  the  negative 
iwulU  obtained  with  acids  which  attack  iron  with  evolution  of  hydro- 
pa.  The  galvanometer  was  made  .much  more  sensitive  and  removed 
(mnianT  posBible  disturbing  action  due  to  the  maguet;  and  with  these 
ptttaulions  the  original  experiments  were  repeated,  it  seeming  probable 
ihil  eten  if  the  magnetic  effect  were  virtually  annulled  by  the  hydrogen 
fi"M,  some  residual  effect  might  be  observed. 

Tlii>  residual  effect  was  soon  detected,  firat  with  hydrobromic  aeid, 
!imI  then  with  hydrochloric,  hydriodic,  sulphuric  and  others.  The 
(tftnpeet  observed  effect  was  with  hydriodic  acid,  but  as  this  may  p'ls- 
(iblr  have  contained  traces  of  free  iodine  it  may  be  regarded  as  sorae- 
tliat  iloublfnl.  The  effect  in  all  these  case*  was  very  small,  and  though 
HIT  and  tlien  suspected  in  the  previous  work,  could  not  have  been 
definitely  deienuiued,  much  less  measured. 

Some  rough  measurements  were  made  on  the  electromotive  forces 
iOfolTed  in  this  class  of  phenomena  by  getting  the  throw  of  the  galvano- 
for  various  small  known  values  of  the  E,  M.  F.     The  values  found 
,tJy,  ranging  from  less  than  0-0001  volt  in  case  of  the  acids 
lydrogen,  up  to  002  or  003  volts  with  nitric  acid  and  certain 
were  the  changes  produced  by  the  magnet,  while  the 
dectromotive  forces  normally  existing  between  the  poles  would 

ranghlT  speaking,  from  0-0001  to  nearly  0-05  volts,  never  disappear- 

aod  rarely  reaching  the  tatter  figure. 
From   these  experiments  it  therefore  appears  that   the  protective 
ion  of  the  magnetic  field  is  general,  extending  to  all  substances  whicli 

chemically  on  the  magnetic  metals.     While  this  is  so,  the  strongest 

t  is  obtained  with  those  substances  which  act  without  the  evolution 
hydrogen.  But  the  series  is  really  quite  continuous,  perchloric  acid 
instance  producing  but  little  more  effect  than  hydrobromic,  while 

in  mm  differs  less  from  perchloric  than  from  an  acid  like  acetic. 
lem.i  probable  that  the  action  of  the  hydrogen  evolved  is  partially 

ield  the  pole  at  which  'it  is  evolved,  and  lessen  the  difference  be- 
tht'    poles   produced    by   the    magnet.     It   probably  acts   merely 
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mechanically,  for  it  is  to  be  noted  that  those  acids  which  evolve  a  gas 
other  than  hydrogen  (perchloric  acid,  for  instance),  which  is  not  ab- 
sorbed by  the  water,  tend  to  produce  little  magnetic  effect  compared 
with  those  which  act  without  the  evolution  of  any  gas. 

As  to  the  actual  cause  of  the  protective  action  exefcised  by  the  mag- 
netic field,  all  these  experiments  go  to  show  that  it  is  quite  independent 
of  the  substance  acting,  with  the  exception  above  noted,  and  is  probably 
due  to  the  attractive  action  of  the  magnet  on  the  magnetic  metals 
forming  the  poles  subjected  to  chemical  action,  as  we  have  before 
explained. 

In  the  first  place,  whenever  iron  is  acted  upon  chemically  in  a  mag- 
netic field  those  portions  of  it  about  which  the  magnetic  force  varies 
most  rapidly  are  very  noticeably  protected,  and  this  protection  as  nearly 
as  can  be  judged  varies  very  nearly  with  the  above  quantity.  Wherever 
there  is  a  point  there  is  almost  complete  protection,  and  wherever  there 
is  a  flat  surface,  no  matter  in  how  strong  a  field,  it  is  attacked  freely. 
Whenever  in  the  course  of  the  action  there  is  a  point  formed,  the  above 
condition  is  satisfied  and  protection  at  once  appears.  Thus,  in  the 
steel  bars  experimented  on,  whenever  the  acid  reached  a  spot  slightly 
harder  than  the  surrounding  portions  it  produced  a  little  elevation  from 
which  the  lines  of  force  diverged,  and  still  further  shielding  it  produced 
a  ridge  or  point,  sharp  as  if  cut  with  a  minute  chisel.  Xickel  and 
cobalt  tend  to  act  like  iron,  though  they  are  attacked  with  such  diffi- 
culty that  the  phenomena  are  much  less  strongly  marked.  With  the 
iion-inagnetic  metals  they  are  completely  absent.  Now,  turning  to  the 
experiments  with  the  wires  connected  with  a  galvanometer,  the  same 
facts  appear  in  a  sliglitly  tlifTerent  form. 

When  the  poles  were  placed  perpendicular  to  the  lines  of  force  instead 
of  parallel  to  them,  the  magnet  })roduced  no  effect  whatever,  showing, 
first,  that  the  effect  previously  observed  depended  not  merely  on  the 
existence  of  magnetic  force  but  on  its  relation  to  the  poles,  and.  sec- 
ondly, that  when  the  ])oles  were  so  ])laced  as  to  produce  little  deflection 
of  the  lines  of  force  the  j)rotective  effect  disappeared. 

When  the  pointed  pole  was  blunted  the  effect  practically  disa])])eared, 
the  poles  renuiining  ])arallel  to  the  lines  of  force,  and  when  plates  were 
substituted  for  the  wires  no  etfect  was  produced  in  any  position,  show- 
ing that  the  ])henomena  were  not  due  to  the  directions  of  magnetization 
but  to  the  uature  of  the  field  at  the  exi)osed  points.  Tn  short,  whatever 
the  shape  or  arrangcuKMil  of  tin*  exposed  surfaces,  if  at  any  point  or 
])oints   the   rate  of   vari^ition    of   the  square  of   the   magnetic   force   is 
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greater  than  elsewhere,  such  points  will  be  protected,  while  if  the  force 
is  sensibly  constant  over  the  surfaces  exposed  there  will  be  no  protection 
at  any  point.  With  all  the  forms  of  experimentation  tried  this  law 
keld  without  exception.  It  therefore  appears  that  the  particles  of 
magnetic  material  on  which  the  chemical  action  could  take  place  are 
goteraed  by  the  general  law  of  magnetic  attraction  and  are  held  in 
place  against  chemical  energy  precisely  as  they  would  be  held  against 
inuely  mechanical  force.    To  sum  up: 

When  the  magnetic  metals  are  exposed  to  chemical  action  in  a 
o«gnetic  field  such  action  is  decreased  or  arrested  at  any  points  where 
^  rate  of  variation  of  the  square  of  the  magnetic  force  tends  toward 
a  maximum. 

It  is  quite  clear  that  the  above  law  expresses  the  facts  thus  far 
•Stored,  and  while  in  any  given  case  the  action  of  the  magnet  is  often 
i**plicated  by  subsidiary  effects  due  to  currents  or  by-products,  the 
t^edianical  laws  of  motion  of  particles  in  a  magnetic  field  hold  here  as 
(Aertere  and  cause  the  chemical  action  to  be  confined  to  those  points 
f'kcre  the  magnetic  force  is  comparatively  uniform. 
He  effect  of  currents  set  up  in  the  liquid  during  the  action  of  the 
it  CAxmot  be  disregarded  especially  in  such  experiments  as  those 
ifiehols  (this  Journal,  xxxi,  272,  1886)  where  the  material  acted  on 
powdered  iron  and  the  disturbances  produced  by  the  magnet  would 
JMffticnlarly  potent.  The  recent  experiments  of  Colardeau  (Journal 
Physique,  March,  1887)  while  perhaps  neglecting  the  question  of 
protection  of  the  poles,  have  furnished  additional  proof  of  the 
!y  mechanical  action  of  the  magnet  by  reproducing  some  of  the 
eristic  phenomena  where  chemical  action  was  eliminated  and 
only  forces  acting  were  the  ordinary  magnetic  attractions. 
An  attempt  was  made  to  reverse  the  magnetic  action,  i.  e.  to  deposit 
in  a  magnetic  field  and  increase  its  deposition  where  there  was  a 
pole  immediately  behind  the  plate  on  which  the  iron  was  being 
died.  This  attempt  failed.  The  action  was  very  irregular  and  the 
Its  not  decisive.  The  question  of  stirring  effect  was  also  examined. 
ly  stirring  the  liquid  about  one  pole  increased  the  action  on  that 
but  sometimes  produced  little  effect  or  even  decreased  it.  This 
rer  is  in  entire  agreement  with  the  irregular  action  sometimes 
red  in  the  case  of  the  after-effect  in  the  original  experiments. 
excellent  method  of  experiment  is  to  imbed  an  iron  point  in  wax 
the  minute  point  exposed:  imbed  a  flat  plate  also  in  wax  and 
a  point  in  its  centre.     Place  the  point  opposite  to  the  plate,  but 


'Br  and  place  In  the  liquid  between  the  poles  of  a  magnet  and  A 

the  galvanometer  as  before. 

i  a  wide  field  for  experiment  in  the  direction  indicated  above, 
rtainiy  very  curious  that  the  effect  varies  so  much.     If  hydro-   ' 
were  ie  magnetic  as  iron,  of  course  acids  which  liberated  it  would 
no    etion.     But  it  is  useless  to  theorize  blindly  without  further 
rin      t ;  and  we  are  drawTi  off  by  other  fields  of  research. 

Journal  for  188G,  (1.  c.)  Professor  E.  L.  Nichols  has  inveeti- 

.ne  action  of  adds  on  iron  in  a  magnetic  field.     He  remarks  that 

'saolving  of  iron  in  a  magnetic  field  is  the  same  as  removing  it  to 

ite  distance  and  hence  ih<;  nniount  of  heat  generated  by  the 

tmn  should  differ  when  t     as  place  within  or  without  the 

etic  field.     Had  he  calculated     his  amount  of  heat  due  to  the 

of  withdrawing  it  from  the  fie    ,  he  would  probably  have  found 

method  of  experiment  entirely  too  rough  to  show  the  difference,  for 

Tiust  be  very  small.     He  has  not  given  the  data,  however,  for  us  to 

te  the  calculation.     The  results  of  the  experiments  were  inconclu- 

ae  to  whether  there  was  greater  or  less  heat  generated  in  the  field 

i  without. 

1  the  same  Journal  for  December,  ISST,  he  describes  experiments 
;he  action  of  the  magnet  on  the  passive  state  of  iron  in  the  magnetic 
A.    In  a  note  to  this  paper  and  in  another  paper  in  thii^  Journal  for 
ril,  1888j  he  describes  an  experiment  similar  to  the  one  in  this  paper 
^uL  without  our  theory  with  regard  to  the  action  of  points.     Indeed 
he  states  that  the  ends  of  his  bars  acted  like  zinc,  while  the  middle  was 
like  platinum,  a  conclusion  directly  opposite  to  ours.     The  reason  of  this 
difference  has  been  shown  in  this  paper  to  be  probably  due  to  the  cur- 
rents set  up  in  the  liquid  by  the  reaction  of  the  magnet  and  the  electric 
currents  in  the  liquid. 

In  conclusion  we  may  remark  that  our  results  differ  from  Professor 
Nichols  in"  this:  First,  we  have  given  the  exact  mathematical  theory 
ol  the  action  and  have  confirmed  it  by  our  experiments,  having  studied 
and  avoided  many  sources  of  error,  while  Professor  Nichols  gives  no 
theory  and  does  not  notice  the  action  of  points.  Secondly,  our  experi- 
ments give  a  protective  action  to  the  points  and  ends  of  bars,  while 
Professor  Nichols  thinks  the  reverse  holds  and  that  these  are  more 
easily  dissolved  than  unmagnetized  iron. 
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ON  THE  ELECTROMAGNETIC  EFFECT  OF  CONVECTION- 
CURRENTS 

Bt  Hbnrt  a.  Rowland  akd  Cart  T.  Hutchinson 
[Philosophical  Magazine  [5],  XXVII,  445-460,  1889] 

The  first  to  mention  the  probable  existence  of  an  effect  of  this  kind 
was  Faraday/  who  says: — "If  a  ball  be  electrified  positively  in  the 
middle  of  a  room  and  then  be  moved  in  any  direction,  effects  will  be 
produced  as  if  a  current  in  the  same  direction  had  existed."  He  was 
led  to  this  conclusion  by  reasoning  from  the  lines  of  force. 

Maxwell,  writing  presumably  in  1872  or  1873,  outlines  an  experi- 
ment, similar  to  the  one  now  used,  for  the  proof  of  this  effect. 

The  possibility  of  the  magnetic  action  of  convection-currents  occurred 
to  Professor  Rowland  in  1868,  and  is  recorded  in  a  note-book  of  that 
date. 

In  his  first  experiments,  made  in  Berlin  in  1876,  Prof.  Rowland  used 
a  horizontal  hard  rubber  disk,  coated  on  both  sides  with  gold,  and 
revolving  between  two  glass  condenser-plates.  Each  coating  of  the 
disk  formed  a  condenser  with  the  side  of  the  glass  nearer  it;  the  two 
sides  of  the  disk  were  charged  to  the  same  potential.  The  needle  was 
placed  perpendicular  to  a  radius,  above  the  upper  condenser-plate,  and 
nearly  over  the  edge  of  the  disk.  The  diameter  of  the  hard  rubber 
disk  was  21  cm.,  and  the  speed  61  per  second. 

The  needle  system  was  entirely  protected  from  direct  electrostatic 
effect.  On  reversing  the  electrification,  deflexions  of  from  5  to  7-5 
mm.  were  obtained,  after  all  precautions  had  been  taken  to  guard 
against  possible  errors.  Measurements  were  made,  and  the  deflexions 
as  calculated  and  observed  agreed  quite  well;  but  it  was  not  possible  to 
make  the  measurements  with  as  great  accuracy  as  was  desired,  and 
hence  the  present  experiment. 

Helmholtz/  in  ISTT)  and  later,  carried  out  some  experiments  bearing 

1  Experiniental  Researches,  vol.  I,  art.  1644.  *Wi88.  Abh.  i,  p.  778. 
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on  this  finbject.  According  to  the  "  potential  theory  "  of  electrody- 
namics which  lie  wished  to  test,  unclosed  circnits  existed.  The  enii  of 
one  of  these  open  circuits  would  exert  an  action  on  a  dose  magnetic  or 
electric  circuit.  So  the  following  experiment  was  made  bv  M.  Schiller." 
under  his  direction. 

A  closed  steel  ring  was  uniformly  magnetized,  the  magnetic  axis  coin- 
ciding with  the  mean  circle  of  the  ring.  This  was  hung  by  a  long  fibre 
and  placed  in  a  closed  metal  case.  A  point  attached  to  a  Holtz  machine 
was  fixed  near  the  box,  and  a  brush-discharge  was  kept  up  from  this 
point.  If  the  point  acted  as  a  current-end,  a  deflexion  would  be  ex- 
pected, on  the  potential  theory.  No  deflesion  was  observed,  although 
the  calculated  deflesion  wm?  23  scale-divisions.  The  inference  is  that 
either  the  potential  theory  is  untrue,  or  else  that  there  is  no  unclosed 
circuit  in  this  case.  t.  e.  that  the  convection-currents  completing  the 
circuit  have  an  electromagnetic  effect. 

Schiller's  further  work,  not  bearing  directly  upon  convection-cur- 
rents, leads  him  to  the  conclufiion  that  all  circuits  are  closed,  and  that 
displacement -cur  rents  have  an  electromagnetic  effect. 

Dr.  Lecher  is  reported  to  have  repeated  Professor  Rowland's  experi- 
ment, with  negative  results.     His  paper  has  not  been  found. 

Rontgen'  has  discovered  a  similar  action;  he  rotates  a  dielectric  disk 
between  the  enlarged  plates  of  a  horizontal  condenser  and  gets  a  de- 
flexion of  hie  needle.  He  apparently  guards  against  the  possibility  of 
this  being  due  to  a  cliiirgf  on  bis  disk.  A  calculation  of  the  force  he 
measures  shows  it  to  be  almost  one-eighth  of  that  in  the  Berlin  experi- 
ment. His  apparatus  is  not  symmetrically  arranged,  the  disk  being 
much  closer  to  the  upper  condenser-plate;  the  distances  from  the  upper 
and  lower  plates  are  014  and  025  em.  respectively.  He  uses  a 
difference  of  potential  corresponding  to  a  spark-length  of  OZ  cm. 
in  air  between  balls  of  3  cm.  diameter,  t.  e.  about  33  electrostatic 
units,  equal  to  the  sparking  potential  between  plane  surfaces  at  0-86 
em.  The  disk  is  an  imperfect  conductor,  and  altogether  it  does  not 
seem  clear,  in  spite  of  the  precautions  taken,  that  this  is  not  due  to 
con  veetion-cu  rrents. 

In  the  Berlin  apparatus,  as  stated  above,  the  needle  is  near  the  edge 
of  the  disk ;  the  magnetic  effect  produced  is  assumed  to  bo  proportional 
to  the  surface- density  multiplied  by  the  linear  velocity;  hence  the  force 
will  be  much  greater  at  the  edge  of  the  disk  than  near  the  centre;  but 
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ilk'  Md  will  bo  more  irregular,  and  so  make  accurate  measurements 
more  diMcult. 

In  tht!  present  apparatus  a  uniform  field  ia  secured  by  using  two 
n'diciil  disks  rotating  about  horizontal  axes  in  the  same  line;  the  needle 
6}ii6m  18  placed  between  the  disks,  opposite  their  centres.  The  disks 
Btf  in  the  meridian:  they  are  gilded  on  the  faces  turned  towards  the 
ncnlle.  Between  the  disks  are  placed  two  glass  condenser-plates  gildetl 
on  ihe  surfaces  near  the  disk;  and  between  these  glasses  is  the  needle. 
Tbe  whole  apparatus  is  symmetrical  about  the  lower  needle  of  the 
usUtii.'  system. 

Escb  disk  is  surrounded  by  a  gilded  hard  rubber  guard-plate  in  order 
lo  keep  the  density  of  the  charge  uniform  at  the  edges.  The  guard- 
ptatei  are  provided  with  adjusting-scrowa  to  enable  them  to  he  put 
jfcnrately  in  the  plane  of  the  disks ;  and  the  glass  plates  in  tuni  have 
■dJDsting-scrcws  for  securing  parallelism  with  the  guard-plates.  The 
risss  was  carefully  chosen  as  being  nearly  plane.  Disks,  glass  plates, 
ind  guard-plates  all  have  radial  scratches,  to  prevent  con  duct  ion -cur- 
ents  from  circulating  around  the  coatings. 

In  the  periphery  of  the  disk  are  set  eight  brass  studs  which  penc- 

raie  radially  for  about  5  centini.,  then  turning  off  at  a  right  angle  ruu 

■rallel  to  the  axis  until  they  come  out  on  the  surface  of  the  disks. 

Iiey  there  make  contact  with  the  gold  foil.     Metal  brushes  set  in  the 

turd-plate  bear  on  these  studs,  and  in  this  way  the  disks  are  electrified. 

The  figure  (1*1.  V,  t^g.  1)  gives  a  vertical  projection  of  the  entire 

ratus;— O  D  are  tbe  disks;  G  G  tf  G  the  guard-rings;  Y  V  Y  Y 

■-plates;  RUHR  hard  rubber  rings  fitting  on  the  should- 

;  J  X  X  X  bearing-boxes  for  the  bsIc;  F  P  P  I'  supporting- 

;  EE  metal  bases  sliding  in  the  bed  B  B,  and  held  in  any 

br  screws  Z ;  F  F  the  bases  carrying  the  glass  plates,  sliding  in 

roe  way  as  tho  others.     S  S  S  S  are  the  adjusting-screws  for  the 

-plates,  and  /  (  for  the  glass  plates.     LLLL  are  collars  for  eatch- 

le  oil  from  the  bearings ;  C  C,  C  C  are  speed-counters,  C  C  gear 

Jie  axle,  and  C  C  with  C  C  in  the  manner  shown ;  each  has  200 

and  speed-reading  is  taken  every  40,000  revolutions. 

•  netKlie  system  is  enclosed  in  the  brass  tube  T,  ending  in  the 

pvlinrlricfll  box  in  which  are  the  mirror  and  upper  needle.     This 

iel<»#<l  in  by  the  conical  moutb-piece  Q.  across  tbe  opening  of  which 

led  a  wire  grating.    The  mirror  is  shown  at  M.  the  upper  needle 

aoil  tb*'   lower  at  N.    The  system  is  linng  by  a  fibre-suspension 

30   otn.     in    length,  protected  by   a   glass   tube.      The   needle- 
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system  is  made  by  fitting  two  small  square  blocks  of  wood  on  an  alumi- 
nium wire;  on  two  sides  of  each  of  the  wooden  blocks  are  cemented 
small  scraps  of  highly  magnetized  watch-spring.  The  needle  thus  made 
is  about  1  X  1  X  10  mm. 

The  mirror  is  fixed  just  below  the  upper  needle,  and  is  read  by  a 
telescope  200  cm.  distant.  The  plane  of  the  mirror  is  at  an  angle 
of  45°  with  the  plane  of  the  disks  for  convenience.  The  whole  is  sup- 
ported by  the  board  00  attached  to  a  wall-bracket. 

Two  controlling  magnets  (W  W)  with  their  poles  turned  in  opposite 
directions  are  used.  By  means  of  the  up  and  down  motion  of  either 
magnet,  any  change  in  the  sensitiveness  can  be  attained;  and  by  the 
motion  in  azimuth,  the  zero  point  is  controlled.  The  advantage  of  its 
use  lies  in  the  extremely  delicate  means  it  affords  of  changing  the 
sensitiveness,  much  more  delicate  than  with  a  single  magnet. 

The  bed-plate  B  is  screwed  to  one  end  of  a  table,  at  the  other  end  of 
which  a  countershaft  is  placed  (Fig.  2).  This  is  run  by  an  electric 
motor  in  the  next  room,  the  belt  running  through  the  open  doorway. 
The  motor  is  14  metres  from  the  needle. 

Although  the  disks  and  countershaft  were  carefully  balanced  when 
first  set  up,  and  the  table  braced  and  weighted  by  a  heavy  stone  slab, 
yet  at  the  speed  used,  125  per  second,  the  shaking  of  the  entire  appar- 
atus was  considerable;  the  needle  was  so  unsteady  that  it  could  not  be 
read.  This  was  seen  to  be  due  to  vibrations  of  the  telescope  itself  and 
not  to  the  needle.  To  prevent  it,  each  leg  of  the  tabic  on  which  the 
telescope  rested  was  set  in  a  box  about  30  cm.  deep  filkMl  with  saw- 
dust, and  a  heavy  stone  slab  was  placed  on  to])  of  this  tahlr.  This 
entirely  did  a\vay  with  the  troui)le;  the  swin<2:  <^J  the  needle  was  as 
re<rular  when  the  apparatus  was  revolvin<2:  as  when  it  was  at  re<t. 

The  two  hard  rubber  rini^s  (/?/?)  mentioned  above  have  trrooves  i-ut 
in  their  ])eri])heries:  in  these  cfrooves  wires  are  wound.  These  serve  as 
a  <xalvanometer  for  determiiiin^r  the  needle-constant.  When  not  in  use 
thev  are  held  in  the  position  shown  in  the  figure,  but  when  it  i>  desired 
to  determine  the  needle-constant  they  are  slipped  <jn  the  shoulders 
(.LLLI)  and  pushed  up  in  contact  with  the  hack  of  the  disk>.  Each 
has  two  turns:  this  arrangement  will  be  referred  to  as  the  disk- 
galvanometer. 

If  a  known  current  is  sent  through  the  disk-galvanometer,  and  the 
geometrical  constant  be  known,  the  part  of  the  constant  d(*])ending  on 
the  field  and  needle  is  determined. 

The  current  is  measured  by  a  sine-galvanometer,  placed  in  another 
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part  of  the  room.  To  detemiine  //  at  the  siue-galvanometev  a  metre 
brass  circle  is  put  around  the  sine-galvanometer,  and  the  needle  of  the 
tutter  II sett  as  the  needle  of  the  tangent-galvanometer  thuit  made. 
I'sing  this  tangent-glavanometer  in  connection  with  a  Weber  eleetro- 
dynaniometer.  //  at  the  sine-galvanometer  is  measured. 

The  charging  was  hv  a  Holtz  machine  connected  to  a  battery  of  six 
gallon  Leyden  jars.  These  latter  are  in  circuit  with  a  reversing-key, 
an  electrostatic  gauge,  and  the  disks. 

The  potential  was  measured  by  a  large  absolute  electrometer;  all 
previous  observers  have  need  spark-length  between  balls,  with  Thom- 
son's fornmta.  Greater  accuracy  is  claimed  for  this  work,  largely  on 
Ibis  account. 

In  this  instrument  the  movable  plate  is  at  one  end  of  a  balance-arm, 
from  the  other  end  of  which  hangs,  on  knife-edges,  a  balance-pan. 
This  movable  plate  is  surrounded  by  a  guard-ring. 

The  lower  plate  is  fixed  by  an  insulating  rod  to  a  metal  stem,  which 
elides  up  and  down  in  guides.  The  distances  are  read  off  on  a  scale  on 
the  metal  stem.  The  zero  reading  is  got  by  inserting  a  piece  of  plane 
parallel  glass  whose  thickness  has  been  measured.  The  lower  plate  and 
guard-ring  have  a  diameter  of  'AH  cm.,  and  the  movable  disk  a  diameter 
of  10  cm. 

The  routine  of  the  observations  was  as  follows: — .\  determination 
of  U  and  the  needle-constant  (^)  was  first  made.  The  electrostatic 
gauge  was  then  set  at  a  certain  point,  and  readings  of  difference  of 
potential  were  taken.  The  disks  were  now  started,  electrified,  and  a 
series  of  three  elongations  of  the  needle  taken;  the  electrification  re- 
versed and  three  more  elongations  taken,  &c. 

About  every  five  minutes  speed-readinjp^  had  to  be  noted,  and  at  each 
reversal  it  was  necessary  to  repleuish  the  charge  in  order  to  keep  the 
gauge-arm  just  at  the  mark.  In  this  way  a  'series'  of  readings  con- 
sisting of  about  25  reversals  was  made.  After  the  series,  electrometer 
readings  were  again  taken;  the  conditions  were  then  changed  in  some 
way,  and  another  series  begun. 

The  circumstances  to  be  changed  are: — distance  of  disks  from  needle; 
distance  of  glass  plates  from  needle;  electrification;  and  direction  of 
rotation. 

The  calculation  of  the  deflexion  is  based  on  the  assumption  that  the 
magnetic  effect  of  a  rotating  charge. is  proportional  to  the  quantity  of 
electricity  passing  any  point  per  second,  Just  as  with  n  oondm-tion- 
cnrrent.     Below  are  the  formulw  used. 
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In  thp  equations  the  letters  liavc  the  following  meanings.     All  quan- 
tities are  given  in  terms  of  C.  G.  S.  units. 

-T^  Distance  from  centre  of  disk  to  lower  needle. 
r  =  Distance  from  centre  of  dtak  to  upper  needle, 
c  ^=  Radius  of  disk. 
I  =  Distance  between  needles. 
a  ^:  Radius  of  windings  of  disk-galvanometer. 
i  =  Distance,  centre  of  difik -galvanometer  to  lower  needle. 
p  :^  Distance,  centre  of  disk-galvanometer  to  upper  needle. 
JV^  Number  of  revolutions  per  second. 
a  =3  Surfaee-density  of  electrification  in  electrostatic  measure. 
r=  Ratio  of  the  units, 

a  ^  Angle  of  torsion  of  the  electro -dynamometer, 
fp  ^=  Angle  of  deflexion  of  aite-galvanometer. 
J  ^  Angle  of  deflexion  of  tangent-galvanometer. 
J  ^  Change  of  zero-point  on  electrifying  the  disks  =  half  the  charge 

on  reversing. 
t  ^^  Scale-reading  for  disk-galvanometer. 
IB  =  Weight  on  pan  of  electrometer. 
D  =  Distance  of  glass  plates  and  disks. 
«  =^  Electrometer  reading. 
X  ^:  Condenser  distance. 

Force,  in  the  direction  of  the  axis,  due  to  a  circular  current  of  radius 

c.  at  a  distance  x  on  the  axis 


Strength  of  convection-current 


.•.  total  force  dne  to  the  disk  of  radius  c 
and  for  the  two  disks  acting  in  the  same  direction,  total  force 


This  gives  the  force  on  the  lower  needle. 
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Correction  for  the  upper  needle : 

Potential  at  any  point  due  to  a  circular  current,  / 

F'=  Cldw; 

ta  equals  the  solid  angle  subtended  at  the  point  by  the  circle 

=^'i'^.(0-»:4«C)'--<-)'^fit^''--(:)"} 

Substituting  the  value  of  7,  we  have  as  the  potential  of  the  disk 


But 


and 


p  -  (-y    *•'"     3'  (^] 

ap,=i±i!,P,-P.„}  -„=p. 


.•.  The  force 

-     dx 

and  for  the  two, 

where  the  sign  of  the  entire  expression  has  been  changed,  since  the 
poles  of  the  upper  and  lower  needles  are  opposite. 
Or 


X,  =  87:>^^. 


17 
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Need]  e — conetant . 

The  difik-galvanometer  windings  have  in  the  same  way,  for  the  lower  ' 
needle,  the  force  due  to  current  /  in  one  turn 


For  the  four  turns. 


Upper  needlB. — The  force  ia  got  in  the  eame  way  aa  for  the  disk,  omit^ 
ting  the  integration,  t.  e.  we  must  multiply  the  general  tenn  of  J5  by  J 

^^' +  -^  and  replace  2^  ^  by  /.    This  gives 


a  replacing  c,  and  f/,  r. 
For  the  total  force. 


'W")"-*"-©'-]' 


Forces  acting  on  the  needle  system: — 

Let  M  ^=  moment  of  lower  needle. 
Let  M'  =  moment  of  upper  needle, 
then 

Couple  on  lower  needle  due  to  field  ^      EM  sin  6, 
Couple  on  upper  needle  due  to  field  =  —  H'M' sine. 
Total  couple  =  (EM  —E'M')  sin  0. 
Due  to  disk -galvanometer: 

Couple  on  lower  needle  =  MX'  cob  6, 
Couple  on  upper  needle  ^=M'Xj' cosS. 

Total  couple     =  { MX'  +  M'X,'  }coa  B, 
=  8jiI{MC  +  M'D\coag. 
.:  for  equilibrium, 

87rI\MC  +  M'D\  COB  $=:\ffM-H'M'\  Bia  e, 


(EM-  E'M')  tan  J 

M..i>w{.+'J(f'-i)}- 


or 


t  =  g  -W  V  81"  «• 


g  =  constant  of  windings  =  10~*.  6*454. 
K  =  moment  of  inertia       =  10^  8*266. 
T  =  time  of  one  swing       =  2*441. 
.-.    t  =  10-*.  7*59  ^/"siEur. 

Tangent  galvanometer: — 

I  =  ^tan  o=  ^'^  tan^. 
G^  2-w 

n  =  no.  turns       =  10. 
b  =  radius  turns  =  49*98. 
.-.    i  =  0*795 //tan  '?, 

and,  substituting  the  value  of  i, 

//=10-'.9-55  V'V- 

tan  0 


I 
/ 
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D  M' 

But  ^  =  003  nearly,  and  -^^  is  approximately  unity. 

(H.y^^:m  =  M£±^)  7=^  (say) . 
Similarly,  for  the  revolving  disks, 

* 

=  /9  tan  J. 
For  the  sine-galvanometer: 

r=1831. 

.*.  /=  10-*  5-46^ sin  ^p, 
and 

/5  =  10-*.  5-46  iT  8r  (C^KD)  gj^ 

tan  ^  "^ 

For  measurement  of  H: — 

Eleetrodvnamometer, 


Hekrt  a.  Rowland 


Surface  density  (a): — 

ff  is  obtained  from  electrometer-readings. 

_  _r 

A  =  corrected  area  of  movable  plate 


and 


--  1-397  -  v^a.. 


Aa  soon  as  the  attempt  was  made  to  electrify  the  apparatus,  diffi-' 
culties  of  insulation  were  met  with.  The  charged  system  was  quite 
extensive,  and  the  opportunity  for  leakage  was  abundant;  in  addition, 
the  winter  here  has  been  very  damp.  Moat  of  the  trouble  of  this  kind 
has  been  due  to  the  glass  in  the  apparatus;  in  no  case  where  glass  was 
used  as  an  insulator  has  it  proved  satisfactory,  not  even  when  the  air; 
was  dry.  First,  the  stand  with  glass  legs,  on  which  the  Leyden-jar 
battery  was  placed,  was  found  to  furnish  an  excellent  earth-connection- 

Paraffin  blocks  interposed  stopped  this.  The  reversiug-key  had 
three  glass  rods  in  it,  all  of  which  were  found  to  leak;  six  different  apeo 
imena  of  glass,  some  bought  particularly  for  this  as  insulating  glass, 
were  all  found  to  allow  great  leakage.  Shellacing  had  no  effect.  Hard 
rubber  was  finally  substituted  for  glass ;  and  after  that  the  key  insulated' 
very  well,  even  in  damp  weather. 

On  charging  the  glass  plates,  the  disks  being  earthed, 
almost  as  if  there  was  a  direct  earth-connection,  so  rapid  was  the  fall  oi 
the  charge.     This  was  not  regarded  at  the  time,  as  the  plates  wepe| 
always  kept  earthed;  but  later,  when  it  became  necessary  to  charge  the 
plates,  the  insulation  had  to  be  made  good. 

Investigation  showed  that  this  was  caused  by  leakage  directly  through 
the  substance  of  the  glass  to  the  brass  back-pieces  (H  B).  Hard  rubber 
pieces  were  substituted,  and  the  trouble  was  entirely  removed. 

There  was  at  first  a  deflexion  in  reversing  the  electrification  whil< 
the  disks  were  at  rest.  This  was  of  course  due  to  direct  electrostatlo' 
effect;  but  it  was  not  for  some  time  clear  where  the  point  of  weakness 
in  the  electrostatic  screen  lay.  It  was  found  to  be  the  faulty  contact 
between  the  tinfoil  covering  of  the  glass  tube  and  the  brass  collar;  the 
brass  had  been  lacquered.     After  this  was  corrected  there  was  never, 
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igiin  any  dcflesion  on  reversing  the  charge,  although  the  precaution 
»ai  taken  of  testing  it  every  day  or  so. 

The  currents  induced  in  the  axle  by  the  rotation  caused  no  incon- 
venience; if  the  disks  are  rotated  in  the  same  direction  their  effect  is 
hddtd,  while  the  effect  of  the  a.xles  is  in  opposite  directions.  Even 
Tien  the  disks  were  rotnied  oppositely,  the  deflexion  due  to  the  axles 
Monly  3  or  4  cm.,  and  remained  perfectly  constant, 
Onninniag  the  disks,  unelecthiied,  without  the  glass  plates  between 
lliemand  the  needle,  a  deflexion  of  4  or  5  era.  was  noticed.  This  was 
perfectlj-  steady  deflexion,  and  could  easily  he  shown  to  he  due  to  the 
piwence  o(  the  plate,  as  it  ceased  when  the  plates  were  replaced. 
This  was  very  troublesome  for  a  time,  especially  as  the  presence  of  a 
H  plate  in  place  of  the  glass  was  found  to  diminish  the  deflexion, 
ivtiii  not  bring  the  needle  back  to  zero  as  the  glasses  did.  On  look- 
Ht\  the  figure  (Plate  V,  Fig,  1)  it  will  be  seen  that  there  is  a  brass 
fJigf/)  dosing  the  bottom  of  the  tube  in  which  the  needle  is  placed. 
Tie  rapid  rotation  of  the  disks  caused  a  very  appreciable  exhaustion 
•I  the  centre,  and  consequently  a  steady  stream  of  air  was  sucked  down 
Ihetubc  tbroagh  the  open  mouthpiece,  and  out  through  the  imperfect 
mnneotion  of  the  plug.  Air-currents  were  not  at  first  suspected,  as  the 
"fflflion  was  so  very  steady.  The  brass  plate  used  was  smaller  than 
l^glass,  and  hence  did  not  completely  shield  the  tube. 

After  the  brass  back-pieces  (H  H)  had  been  taken  out,  and  a  hard 
nhlier  substituted,  it  was  found  that  with  one  direction  of  rotation  the 
Nile  was  extremely  unsteady;  it  would  run  up  the  scale  for  several 
Mbmetres,  stop  suddenly,  &c. — evidently  a  forced  vibration.  This 
Btiaced  to  air-currents  also.  Now,  the  air  blew  into  the  open  mouth 
•'the  cone.  The  apparatus  had  been  run  for  some  months  with  this 
n,  and  not  the  slightest  irrpgulnrity  had  been  seen.  But  the  hard 
ihW  pieces  were  very  much  larger  than  the  brass  ones  which  were 
Snofed;  they  filled  up  the  lower  space  to  a  greater  extent,  and  deflected 
(«r  upwards  more  than  before,  causing  the  unsteadiness.  With  the 
i  rotation  the  air  was  thro^ra  down  instead  of  up,  and  conse- 
f  did  not  affect  the  needle. 

t  systematic  observations  were  made  in  January,  1889.  with 

t  charged  and  plates  earthed.     The  deflexion  on  reversing  was 

■  vitbont  difficulty,  and  it  was  in  the  direction  to  be  expected :  that 

li  poeitive  electrification,  the  effect  was  equivalent  to  a  current  in 

;tton  of  motion  of  the  disk.     A  number  of  series  were  taken  in 

t  two  months;  they  agreed  among  themselves  well  enough,  but 


did  not  foUov  t 

is  tl)b  va;: — The  eqsAtioi 

tbedkkijKtf^ 


TheJ 


,jri 


/»  •       ^ 

doBMT  pbtM  an  BOT«d.«{i  to  Ae  £^  at^  In*  itq>>  d^  n:?w  »• 
aad  £f  be  dtnged  at  the  nne  tiaw  m  at  to  koty  i>/« 

tiie  d«flexioDi  Blunild  be  caautmnL 

Sach  WW  not  found  to  be  tbe  ewe;  &e  ddesi^  voe  &ffliT' 
proportioned  to  e  initead  of  being  eo 
ence  of  potential,  the  deflexiatu  were  greater,  sltlwag^  de  fslat 
dencit;  remained  constant.  Finallj  tltia  -wwm  ia^tA  to  be  d 
charge  on  the  hack  Enrf ace  of  the  goM  eoatiaf:.  IW  «W  of  ftc  nh 
cone*  nearly  up  to  the  surface  of  the  disk  and  tok^  vi&  aK  At  k(H 
work  moit  form  a  condenser  of  s  certain  capac^  «tt  tile  ibo'I 
of  the  gold  foil. 

This  made  a  change  neceuar;  in  the  method  of  wackng;  &c  i 
bad  to  be  earthed  and  the  glaasea  charged.  Ttat  vae  d^s;  bat  i 
the  deflezioDB  were  found  alwaja  to  be  greats  «ith  paeitire  ndl 
(Zenith,  Xorth,  Nadir,  South)  then  with  n^atire. 

It  was  considered  possible  that  the  brushes  m^bt  have  t 
to  do  with  this,  so  tbey  were  taken  off.  Earth  connectioB  with  the  3 
was  made  by  drilling  through  to  the  surface  of  the  dick  in  the  hiie  I 
the  axle  and  setting  in  a  screw,  which  came  fio^  with  the  surface  a 
also  made  contact  with  the  axle;  this,  however,  made  do  diference.  d 
deflcxioDS  for  negative  rotation  were  always  smaller. 

Table  I  gives  the  results  of  a  number  of  obserratioaf.  All  * 
talien  with  the  plates  charged  and  the  disks  earthed  bj  means  of 
axle. 

The  meaning  of  the  letters  has  been  given;  l/y^is  dlivcilr  propQ 
tional  to  the  needle  BensitiveneBB. 

The  sudden  variations  in  the  values  of  l/^are  due  to  changes  p 
posoiy  marie  in  the  needle. 

The  last  column  gives  the  values  of  V.  This  work  is  not  intend 
as  a  determination  of  V,  but  the  calculation  is  made  merely  to  show 
what  degree  of  approximation  the  effect  follows  the  assumed  law. 

The  deflexions  are  about  the  same  as  those  obtained  in  the  Beri 
experiments- — 5  to  8  mm,  on  reversing.  The  force  measured  1 
was  1/50000  H;  now  it  is  1/125000  H.  The  sensitiveness  of  the  ne 
in  the  two  cases  was  almost  the  same.  In  the  former  experimeni 
force  of  3  X  10'' deflected  the  needle  1' of  are ;  the  corresponding  n 
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mow  is  2-7  X  10~^,  slightly  more  sensitive.     The  scale  distances 
re  110  and  200  cm.  respectively.     So  this  experiment  gives  about 


Tablb  I. 


Table  II. 


No. 

Rotation. 

X. 

1 
e. 

N. 

•". 

1/^. 

2A. 

V. 

1 
1 

1 

+ 

2-54 

1-24  , 

122 

16 

1-50. 10^ 

5 

8 

2' 

42.10  w 

8 

+ 

2-57 

**      1 

125 

80 

8. 11 

9- 

0 

8- 

88 

8 

+ 

*  • 

129 

28 

2-15 

6 

94 

8 

00 

!    4 

— 

•• 

44          1 

129 

28 

tt 

5< 

58 

8 

68 

5 

+ 

1-21  . 

127 

21 

2-25 

5 

6 

8 

74 

0 

— 

" 

•  • 

188 

21 

ti 

5 

•7 

8 

74 

7 

+ 

180 

47 

ti 

8- 

4 

8 

10 

8 

— 

1 

188 

47 

it 

7 

8 

8 

64 

9 

+ 

1-24 

121 

82 

2-22 

9 

4 

2 

26 

10 

— 

it      1 

180 

82 

tt 

7 

2 

8 

16 

11 

+ 

it      1 

125 

26 

2-17 

7 

6 

2 

70 

18 

— 

ti      1 

126 

26 

it 

5 

•7 

8 

64 

jl8 

+ 

2-85 

1-50 

125 

19 

2*28 

6 

•5 

2 

82 

'l4 

— 

129 

19 

«C 

5 

•0 

8 

•78 

15 

— 

125 

•11 

219 

5 

•85 

2 

-82 

16 

+ 

1-48 

127 

-08 

2*85 

7 

8 

2 

46 

17 

— 

128 

08 

tt 

5 

•4 

8 

82 

18 

— 

tt 

129 

•08 

1     " 

5 

•8 

8 

42 

^^I 

+ 

3*22 

1*80 

128 

•18 

;2*44 

5 

•1 

8 

80 

|S»  I 

ti 

Ci         1 

1 
1 

1 

124 

118 

tt 

1 
1 

4-9 

8*48 

1 
1 

* 

8-19X10W 

#»8- 

#'*- 

mm. 

6-7 

51 

51 

4-9 

6-6 

8-9 

76 

5-2 

80 

50 

5-8 

5-2 

6-8 

4-9 

80 

5-0 

8  0 

5-0 

4-8 

4*4 

5*9 

6-6 

60 

1 

50 

6-8 

50 

e  scale-deflexion  at  twice  the  distance  with  a  force  -^  as  great. 
cement  between  the  two  is  seen  to  be  quite  good. 
bservations,  except  Nos.  1,  2,  15,  and  18  given  above,  were  taken 
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in  pairs — first  one  direction  of  rotation  and  the  other  immediately  after- 
wards, everything  except  the  rotation  being  kept  constan' 

The  table  shows  that,  in  every  case  except  one,  the  deflesion  for 
negative  rotation  is  appreciably  smaller  than  the  corresponding  positive. 

The  difference  is  too  great  to  be  due  to  accidental  errors  in  the  read- 
ings, as  the  following  table,  giving  the  successive  deflexions  in  the  case 
of  *13an(]  jIfU  wiUshow. 

There  is  but  one  deflexion  in*13  as  small  as  the  mean  of*'  14,  ani 
but  one  in  #14  as  large  as  the  mean  of  #13. 

This  is  a  fair  example  of  the  way  the  deflexions  run.  As  a  further 
illustration  of  this  take#17  andtf'lS;  these  two  are  identical  in  arrange- 
ment, but  the  direction  of  rotation  is  in  one  case  got  by  crossing  the 
belts  from  the  countershaft  to  the  disks  and  leaving  the  main  bol 
straight;  in  the  other  the  main  belt  is  crossed  while  the  auxiliary  belt 
are  straight.  The  deflexions  are  the  same.  This,  too,  shows  that  th 
difference  cannot  be  due  to  any  effect  of  the  countershaft.  The  caul 
of  this  has  not  yet  been  explained.  The  work  is  to  be  continued  witi 
this  and  also  with  new  apparatus,  made  like  the  Berlin  apparatus,  hi 
with  the  disk  much  larger,  30  cm.  in  diameter;  at  least  double  tl 
speed  then  obtained  will  be  nsed.  This  ooght  to  give  deSexions  o 
reversal  of  1-5  to  1-7  em. 

The  values  of  V  do  not  agree  so  well  as  might  be  looked  for;  bnt 
when,  in  addition  to  the  numerous  difficulties  already  mentioned,  the   \ 
smallness  of  the  deflexion  is  considered,  and  the  possibility  of  the  needle  . 
being  affected  by  currents  or  magnets  in  other  portions  of  the  labora 
tory,  so  far  away  as  not  to  be  guarded  against,  and  which  might  well  \ 
changed  between  the  time  of  taking  the  observation  and  the  determin 
ation  of  the  needle-constant,  and.  finally,  that  a  distubing  cause  of  eoin 
kind  is  still  undoubtedly  present,  the  agreement  is  seen  to  be  as  god 
as  could  justly  he  expected. 

nfitctU  iMboralort,  John*  Hopkix*  Cnhtriits. 
April  9S,  ieS9. 


Note,  added  April  29 
There  seems  to  be  a  misunderstanding  in  certain  quarters  as  to  t 
nature  of  the  deflexion  obtained  in  Prof.  Rowland's  first  experimei 
The  paper  reads: — "The  swing  of  the  needle  on  reversing  the  electl 
flcation  was  about  10  to  15  mm.,  and  therefore  the  point  of  equilibriirt 
was  altered  5  to  7-5  mm."     This  has  been  construed  to  mean  that  t 
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deflexion  was  merely  a  throw^  and  that  no  continuous  deflexion  was 
obtained.  This  is  entirely  erroneous;  there  was  always  a  continuous 
deflexion.  The  throw  was  read  merely  because  the  needle  was  always 
more  or  less  unsteady^  and  better  results  could  be  got  by  seizing  a 
favorable  moment  when  the  needle  was  quiet  and  reading  the  throw, 
than  by  attempting  to  take  the  successive  elongations,  or  waiting  for 
the  needle  to  come  to  rest.  In  the  experiment  described  above  the 
needle  was  very  steady  and  no  such  trouble  was  experienced.  On  elec- 
trifying, the  needle  would  take  up  a  certain  position  and  would  remain 
there  as  long  as  the  charge  was  kept  up;  on  reversal,  it  would  move  off 
to  a  new  and  perfectly  definite  position  about  6  to  7  mm.  away,  and 
remain  there,  &c.  H.  A.  R. 

C.  T.  H. 


ON"  THE  HATIO  OF  THE  ELECTROMAGNETIC  TO  THE 
ELECTROSTATIC  UNIT  OF  ELECTRICITY 


Bt  Hrniit  a.  Rowlahd,  with  the  ailUUDC?  nt  C.  H.  1 


L  and  L,  B.  FLETcani 


IPhlloioplilcat  Magaslne  15],  XXVIII,  SOl-SIB,  I8S»;  AmiHcan  Jonrnal  of  ScUnet  ISJ,    ' 
XXXVm,  28fl-398,  1880] 

The  deterrainatiou  described  below  was  made  in  the  laboratory  of  i 
the  Johns  Hopkins  Univereily  about  ten  years  ago,  and  was  laid  a^ 
for  further  experiment  before  publication.  The  time  never  arrived  to  ' 
complete  it,  and  I  now  seize  the  opportunity  of  the  publication  of  a 
determination  of  the  ratio  by  Mr,  Rosa  in  which  the  same  standard 
eondenaer  was  used,  to  publish  it.  Mr.  Rosa  has  used  the  method  of 
getting  the  ratio  in  terms  of  a  resistance.  Ten  years  ago  the  absolute 
resistance  of  a  wire  was  a  very  uncertain  quantity  and,  therefore,  I 
adopted  the  method  of  measuring  a  quantity  o£  electricity  electro- 
staticaliy  and  then,  by  passing  it  through  a  galvanometer,  measuring  it 
electromagnetically. 

The  method  conBistod,  then,  in  charging  a  standard  condenser,  whose  1 
geometrical  form  was  accurately  known,  to  a  given  potential  oa  meas- 
ured by   a    n.Tv  accurate   absolute   electrometer,  and   then  passing  it 
through  a  galvanometer  whose  constant  was  accurately   known,  and 
measuring  the  swing  of  the  needle. 

Description  of  Instbuhests 

Electrometer. — This  was  a  very  fine  instrument  made  partly  according 
to  my  design  by  Edelmann,  of  Munich.  As  first  made,  it  had  many 
faults  which  were,  however,  corrected  here.  It  is  on  Thomson's  guard 
ring  principle  with  the  movable  plate  attached  to  the  arm  of  a  balance 
and  capable  of  accurate  adjustment.  The  disc  is  10- 18  cm,  diameter 
in  an  opening  of  10-38  cm.  and  the  guard  plates  about  330  cm.  diam- 
eter. All  the  surfaces  are  nickel  plated  and  ground  and  polished  to 
optical  surfaces  and  capable  of  accurate  adjuBtment  so  that  the  dis- 
tance between  the  plates  can  be  very  accurately  determined.  The 
balance  is  sensitive  to  a  mg,  or  less  and  the  exact  position  of  the  beam 


Ratio  of  Elkctromaonetic  to  Electrostatic  Um 


jg  read  hy  a  hair  moving  before  a  scale  and  obatrved  by  a  lena  in  the 
manner  of  Sir  Win.  Thomson,  The  inetrument  has  been  tested  through- 
out its  entire  range  by  varjnng  the  distances  and  weights  to  give  the 
constant  potential  of  a  standard  gauge,  and  found  to  give  relative  read- 
ings to  about  1  in  400  at  least.  It  is  constructed  throughout  in  the 
moet  elaborate  and  careful  manner  and  the  working  parts  are  enclosed 
in  sheet  brass  to  prevent  exterior  action. 

As  the  balance  cannot  be  in  equilibrium  by  combined  weights  and 
electrostatic  forces,  it  was  found  best  to  limit  its  swing  to  a  -jiir  mm.  on 
each  side  of  its  normal  position.  The  mean  of  two  readings  of  the 
distance,  one  to  make  the  hair  jump  up  and  the  other  down,  constituted 
one  reading  of  the  instrument. 

The  adjustments  of  the  plates  parallel  to  each  other  and  of  the 
movable  plate  in  the  plane  of  the  guard  ring  could  be  made  to  almost 
A  mm. 

The  formula  for  the  difference  of  potential  of  the  two  plates  is 

a' 

where  d  is  the  distance  of  the  plates,  wg  the  absolute  force  on  the 
movable  plate  and  A  its  corrected  area.     According  to  Maxwell 

A  =  *;r  I  R'  +  E"  _  {fl"  _  i?)^  | 

where  R  and  R'  are  the  radii  of  the  disc  and  the  opening  for  it  and  a 
=  ■221  (R'  —  R).  The  last  correction  is  only  about  1  in  500.  and 
hence  we  have,  finally, 

■00021 


V=17-nU7od{l  +  -^}- 


standard  condenser. — This  very  accurate  instrument  was  made  from 
my  designs  by  Mr.  Gninow,  then  of  New  York,  and  consisted  of  one 
hollow  ball,  very  accurately  turned  and  nickel  plated,  in  which  two  balls 
of  different  sizes  could  be  hung  by  a  silk  cord.  The  balls  could  be  very 
accurately  adjusted  in  the  centre  of  the  hollow  one.  Contact  was  made 
by  two  wires  about  -j^  inch  diameter,  one  of  which  was  protruded 
through  the  outer  ball  until  it  touched  the  inner  one;  by  a  suitable 
mechanism  it  was  then  withdrawn  and  the  second  one  introduced  at 
another  place  to  effect  the  discharge.  This  cnuld  be  effected  five  times 
every  second.  The  diameters  of  the  balls  have  been  accurately  deter- 
mined by  weighing  in  water,  and  the  electrostatic  capacities  found  to  be 

60069  and  S9-556  e.g.  8.  units. 
A  further  description  is  given  in  Mr.  Rosa's  paper. 
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Galvanometer  for  Slectricai  Discharges.— This  was  very  carefully  m> 
Bulated  by  paper  and  then  put  in  hot  wax  in  a  vacuum  to  extract  the 
moisture  and  fill  the  spaces  with  wax.  It  had  two  coils,  each  of  abont 
70  layers  of  80  turns  each  of  No.  36  sillt  covered  copper  wire.  They 
were  half  again  as  large  as  the  ordinary  coils  of  a  Thomaon  galvanO' 
meter.  The  two  coils  were  fixed  on  the  two  sidee  of  a  piece  of  vuleanit* 
and  the  needle  was  surrounded  on  all  sides  by  a  metal  box  to  protect 
it  from  the  electrostatic  action  of  the  coils.  A  meta!  cone  waa  attached 
to  view  the  mirror  through.  The  insulation  was  perfect  with  the 
qnickeet  discharge. 

The  constant  was  determined  by  comparison  with  the  galvanometer 
described  in  this  Journal,  vol.  xv,  p.  334.  The  constant  then  given  has 
recently  been  slightly  altered.     The  values  of  its  constant  are 

By  measurement  of  its  coils 1832-24 

By  comparison  with  coils  of  electrodynamometer . . .  .    1833  67 

By  comparison  with  single  circle 1832-56 

Giving  these  all  equal  weights,  we  have 
1832-82 
instead  of  1833-19  as  used  before. 

The  ratio  of  the  new  galvanometer  constant  to  this  old   one  t 
found  by  two  comparisons  to  be 

]0-41f)7 
10-4115 


Hence  we  have 


Mean,     10-4141 


=  19087. 


EUdrodynamometer. — This  was  almost  an  exact  copy  of  the  instr 
ment  described  in  Maxwell's  treatise  on  electricity  except  on  a  snidl^ 
scale.     It  was  made  very  accurately  of  brass  and  was  able  to  give  v 
good  results  when  carefully  used.     The  strength  of  current  i 
by  the  formula 

i>  =  --! —  ^/sin  a 

where  E  is  the  moment  of  inertia  of  the  enspended  coil,  t  it*  time  4 
vibration,  a  the  reading  of  the  head,  and  C  a  constant  depending  • 
the  number  of  coils  and  their  form. 
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labge  coils. 

Total  number  of  windings 240 

Depth  of  groove -84    cm. 

Width  of  groove '76    cm. 

Mean  radius  of  coils    13-741  cm. 

Mean  distance  apart  of  coils 13-786  cm. 

SUSPENDED  COILS. 

Total  number  of  windings 126 

Depth  of  groove -41     cm. 

Width  of  groove '38    cm. 

Mean  radius 2-760  cm. 

Mean  distance  apart    2-707  cm. 

These  data  give,  by  Maxwell's  formulae, 

C  =  0006457. 

In  order  to  be  sure  of  this  constant,  I  constructed  a  large  tangent 
galvanometer  with  a  circle  80  cm.  diameter  and  the  earth's  magnetism 
was  determined  many  times  by  passing  the  current  from  the  electro- 
dynamometer  through  this  instrument  and  also  by  means  of  the  ordi- 
nary method  with  magnets.  In  this  way  the  following  values  were 
found. 

Magmetio  Blectiioal 

method.  method. 

December  16,  1879 -19921  -19934 

January  3,  1879    -19940  19942 

February  25,  1879    -19887  -19948 

February  28,  1879    19903  -19910 

March  1,  1879  19912  19928 


Mean   19912  -19933 

which  differ  only  about  1  in  1000  from  each  other.     Hence  we  have 
for  C: 

From  calculation  from  coils -006457 

From  tangent  galvanometer -006451 

Mean   -006454  c.  g.  s.  units. 

The  suspension  was  bifilar  and  no  correction  was  found  necessary  for 
the  torsion  of  the  wire  at  the  small  angles  used. 


8?0 
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The  method  adopted  for  determining  the  moment  of  inertia  of  the   ■ 

suspended  coil  was  that  of  passing  a  tube  through  its  centre  and  placing 
weights  «t  diiferent  distances  along  it.     In  this  way  was  found 

Z  =  826-6  c.  g.  8.  imita. 
The  use  of  the  electrodynamometer  in  the  experiment  was  to  determine 
the  horizontal  intensity  of  the  earth'e  magnetism  at  any  instant  in  the 
position  of  the  ballistic  galvanometer.  This  method  was  necessary  on 
account  of  the  rapid  changes  of  this  quantity  in  an  ordinary  building' 
and  also  because  a  damping  magnet,  reducing  the  earth's  field  to  about 
i  its  normal  value,  was  used.  For  this  purpose  the  ballistic  galvano- 
meter was  set  up  inside  the  large  circle  of  80  cm,  diameter  with  one 
turn  of  wire  and  simultaneous  readings  of  the  electrodynamometer  and 
needle  of  ballistic  galvanometer  were  made. 


Theory  of  Experiwent. 
We  have  for  the  potential 


For  the  magnetic  intensity  acting  on  the  needle 
o-  _  Z^np'c  V  K  sin  a 

For  flui  condenser  charge 

Whence 

eOCjp'  +  hy  m-Jwit    tany 


I 


f  8ini,(H-i;)  =  N  - 


[p'  +  b^  m V wd    tan  y    F, 
7^'      rVBii'o2siniffL 

J[>-'(§);»(^)'] 

2  Bin  i  0  =  i  ^  fl  -  i  /  JJ  J  nearly. 


but       tan  y 


.  A-B-C  ^D^ 


So  that  finally 

1  =  0;  -0011;    0030;  '0056;  -0090  for  1,  2,  3,  4,  5  discharges  as  inves- 
tigated below. 


iThli  experlmeDt  was  completed  before  the  new  physical  laboratory  n 
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Hih^iil- 


i)_-0002 

[         ?=  0013  for  first  ball  of 'condenser  and  0008  for  other,  as  investi- 
gated below. 
^=  correction  for  torsion  of  fibre  =  0  as  it  is  eliminated. 
*= constant  of  electrometer  =  17*221. 
^  =  constant  of  ballistic  galvanometer  =  19087. 
P  =  radius  of  large  circle  =  42  •  105  cm. 
»  =  number  of  coils  on  circle  =  1. 
^  =  constant  of  electrod3mamometer  =  006454. 
-^=  moment  of  inertia  of  coil  of  electrod3mamometer  =  826-6. 
i=  distance  of  plane  of  large  circle  from  needle -=  1-27. 
C  =  capacity  of  condenser  =  50  069  or  29-556. 
D  =  distance  of  mirror  from  scale  =  170-18  cm. 
w  ==■  weight  in  pan  of  balance. 
/  =  time  of  vibration  of  suspended  coil. 
T=  time  of  vibration  of  needle  of  ballistic  galvanometer. 
^  ==■  deflection  of  needle  on  scale  when  constant  current  is  passed. 
a  =  reading  of  head  of  electrodynamometer  when  constant  current 

is  passed. 
3  =  swing  caused  by  discharge  of  condenser. 
d  =  distance  of  plates  of  electrometer. 
y  =  number  of  discharges  from  condenser. 
/  =  logarithmic  decrement  of  needle. 
A  =  correction  due  to  discharges  not  taking  place  in  an  instant. 

The  principal  correction,  requiring  investigation  is  A.  Let  the  posi- 
jn  and  velocity  of  the  needle  be  represented  by 

ar  ==  /y^,  sin  ht  and  v  =  ajb  cos  W,  where  b=  L,, 

I  equal  periods  of  time  ^^,  2/^,  3/^,  etc.,  let  new  impulses  be  given  to 
e  needle  so  that  the  velocity  is  increased  by  v^  at  each  of  these  times, 
he  equations  which  will  represent  the  position  and  velocity  of  the 
fiedle  at  any  time  are,  then. 
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between  0  and  l^        x  =  a,  sin  bt  v  =  aj)  cos  bt 

"        t,  and  Zt,     x  =  a'  ain  b{t  +  t)  v  =  a'b  cos  h{i  +  ('} 

"        Si,  and3(,    3;  =  rt"  eiu  ft(/ + /")  «  =  o"6  cos  ft((  +  (") 

At  the  times  0,  t,,  ^l,,  etc.,  we  must  have 


=  0 


=  a,b 


a,  ein  bi,  =  n'  eiu  A(/,  +  f')  t'^,  +  a^b  coa  Si,  =  «'*  cos  fi((,  +  0 

a*  aiu  b(%t,  +  ^')  =  o"  hIu  i(a(,  +  (")     r„n'A  coa  b(_2t,  +  I") 

etc.  =  a"b  cos  i(2f,  +  (") 

etc. 
Whence  we  have  the  following  series  of  equations  to  determine  a',  o", 
etc.,  and  C,  t°,  etc. 

a"*' =  a.'6' +  f,,' +  2r„n„i  cos  5/, ;  sin  6{/,  +  i')  =  "I'aiiifii, 

a"'5'  =  n"**  J-  iV  +  2y„i'J  cos  i(S/,  —  (') ;  sin  fi{2(,  +  /")  -  ^?ain  d(2/,  + 

n""A'=a"'fi'  +  r„'+2ro«"4co85(3(,  +  /");  8ini{3/,  +  ;"')=;  ".-Jain  *(3/,  +  i 
etc.  etc. 

When  /,  is  small  compared  wilh  the  time  of  vibration  of  the  magneti 
we  have  very  nearly  t'  =  —  J  i*. ;  ("  =  —  /,,  ('"  ^=  —  4/,,  etc. 

a"    =  2n„'(l  +  coa  bt,)  -  K'(l  —  1  (W,)') 
a"'  =9«,'(l-i{6/!,)') 

a""  =  lK''Cl  — U^O'J 

a""  =25a„'(l  — 2(6/,)') 

a"   = 
Whence 

a'     =2fl„(l-i(W,)') 

«"    =>.„(l-i(5',J"J 

a'"  =4«.(l-l(fiO') 

a"    =5fl„{l-     (i/,)') 
Now  floi  <''j  ""j  <*'"  ^^'1  ""   ^'^  the  values  of  i)  with  1,  2,  3,  4  and  6] 
discharges  and  a^,  Za,,,  Sa,,  4(i,  and  Sa^  are  the  values  provided 
discharges  were  simultaneous. 
This  correction  is  quite  uncertain  as  the  time,  („  is  oncertain. 
In  assuming  that  the  impulses  were  equal  we  have  not  taken  accoi 
of  the  angle  at  which  the  needle  stands  at  the  second  and  subsequei 
discharges,  nor  the  magnetism  induced  in  the  needle  under  the 
circumstances.     One  would  diminish  and  the  other  would  increase 
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^ect   I  satisfied  myself  by  suitable  experiments  that  the  error  from 
this  cause  might  be  neglected. 

The  method  of  experiment  was  as  follows :   The  store  of  electricity 
was  contained  in  a  large  battery  of  Leyden  jars.     This  was  attached 
to  the  electrometer.     The  reading  of  the  potential  was  taken,  the 
handle  of  the  discharger  was  turned  and  the  momentary  swing  observed 
and  the  potential  again  measured.    The  mean  of  the  potentials  ob- 
served, with  a  slight  correction,  was  taken  as  the  potential  during  the 
time  of  discharge.     This  correction  came  from  the  fact  that  the  first 
reading  was  taken  before  the  connection  with  the  condenser  was  mad^. 
The  first  reading  is  thus  too  high  by  the  ratio  of  the  capacities  of  the 
condenser  and  battery  and  the  mean  reading  by  half  as  much.    Hence 
▼e  must  multiply  d  by  1  —  F  where  i^=  -0013  for  first  ball  of  con- 
denser and  -0008  for  other.     This  will  be  the  same  for  1  or  5  dis- 
diaiges.    From  10  to  20  observations  of  this  sort  constituted  a  set,  and 

the  mean  value  of  -5,  which  was  calculated  for  each  observation  sepa- 

o 

nitelr,  was  taken  as  the  result  of  the  series. 

Before  and  after  each  series  the  times  of  vibration,  t  and  T,  and  the 
readings,  ^  and  a,  were  taken.  The  logarithmic  decrement  was  ob- 
senred  almost  daily. 

Results 

The  table  on  the  following  page  gives  the  results  of  all  the  observa- 
tions. 
These  results  can  be  separated  according  to  the  number  of  discharges 

IS  follows: 


1. 

2. 

3. 

4. 

5. 

300-59 

298-37 

295-73 

296-43 

296-50 

300-17 

298-61 

296-40 

297-24 

296-37 

296-72 

297-43 

298-75 

301-82 

297-38 

297-84 

297.78 

298-66 

29502 

296-87 

29S'90 

300-19 

296-75 

295-22 

296-31 

298-57 

299  05 

300-80 

296-56 

298-80 

298-48 

297-26 

297  15 

296-69 

18 

1 

= 

1 

u. 

1 

-i 

i 

'i"^  I  "°.=  -slj^ 

.s_3.  i  Ji  ;:.. 

li 

1  g  s«  i  i3«  . 

M 

"s   "g  "       -  "i-i 

S 

.1,5?  1  Ji  -1.5 

% 

jl.is  i  Ji  |.2 

1 

-g     »S     ■        ■=    -3  =  1 

i 

=Li5  i  Ji  1,? 

i 

1 

i 

i 

o  S-5i-3l-=K«H       =^^ 

o. -,,.».,.     .a 
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In  taking  the  mean,  I  have  ignored  the  difference  in  the  weights  due 
to  the  number  of  observations,  as  other  errors  are  so  much  greater  than 
those  due  to  estimating  the  swing  of  the  needle  incorrectly. 

It  will  be  seen  that  the  series  with  one  discharge  is  somewhat  greater 
than  with  a  larger  number.  This  may  arise  from  the  uncertainty  of 
the  correction  for  the  greater  number  of  discharges,  and  I  think  it  is 
best  to  weight  them  inversely  as  this  number.  As  the  first  series  has, 
also,  nearly  twice  the  number  of  any  other,  I  have  weighted  them  as 
follows: 

Wt  vXlO-^ 

8  298-80 

4  298-48 

3  297-26 

2  297-15 

1-  296-69 


Mean  298-15 

Or  r=  29815000000  cm.  per  second. 

It  IB  impossible  to  estimate  the  weight  of  this  determination.     It  is 

llightly  smaller  than  the  velocity  of  light,  but  still  so  near  to  it  that 

ttc  difference  may  well  be  due  to  errors  of  experiment.     Indeed  the 

:  difference  amounts  to  a  little  more  than  half  of  one  per  cent.    It  is  seen 

'ttit  there  is  a  systematic  falling  off  in  the  value  of  the  ratio.     This  is 

tte  reason  of  my  delaying  the  publication  for  ten  years. 

flkd  the  correction.  A,  for  the  number  of  discharges  been  omitted, 
Diis  difference  would  have  vanished;  but  the  correction  seems  perfectly 
eertaiQ,  and  I  see  no  cause  for  omitting  it.  Indeed  I  have  failed  to  find 
mj  sufficient  cause  for  this  peculiarity  which  may,  after  all,  be  acci- 
lental. 

As  one  of  the  most  accurate  determinations  by  the  direct  method  and 
lade  with  very  elaborate  apparatus,  I  think,  however,  it  may  possess 
me  interest  for  the  scientific  world. 


i 


u«- 


rnn?  5ir  i  «;icc€5Hini  ^  Plectra! 
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In  this  case  it  k  much  more  difficult  to  express  the  hysteresis  empir- 
ically. In  most  cases  the  first  term  in  the  value  of  y  is  the  largest.  A 
tenn  of  the  same  nature  as  before  will,  in  this  case,  suffice  to  express 
the  hysteresis  approximated.  We  can  then  write  for  the  total  flux  of 
magnetic  induction 

f?  =  -4  cos  (W  +  ^i)  +  Buy  +  Cn^f  +  />/iy  +  etc. 

fnXkm  1, — To  find  the  electromotive  force  necessary  to  make  the 
dectric  current  a  sine  curve  in  a  transformer  without  secondary.  Let 
the  resistance  be  i?,  and  make  y  =  c  sin  {bt).  Then  Maxwell's  equation 
becomes 

Substituting  the  value  of  y  we  have 

fc  {Rc-^Ahn)  sin  («)  +  Bmb  cos  {hi)  +  3  Cn'  sin  \U)  cos  ht + etc. 
But 

Sin  'W  COS  W  =  J  (cos  ht  —  cos  3  ht) 

Sin  *ht  cos  W  =  iV  (^^^  5  W  —  3  cos  3  W + 2  cos  ht) 

Sin  W  cos  ht  =  etc. 

Hence  the  electromotive  force  that  must  be  given  to  the  circuit  must 
contain  not  only  the  given  frequency  of  the  current  but  also  frequencies 
if  3, 5,  7,  etc.,  times  as  many.    I  a  other  words,  the  odd  harmonics. 

Problem  2. — Transformer  without  secondary,  the  electromotive  force 
MEDg  a  sine  curve. 

^sinW  =  %  +  n^. 

civ 

Krst  it  is  to  be  noted  that  when  we  place  in  this  equation  the  general 
ifttoe  of  y  and  make  the  coefficients  of  like  functions  of  U  zero,  all  the 
ven  harmonics  will  strike  out. 

Hence  the  value  of  the  electric  current  will  be 

.  y  =  a,  sin  (W+Ci)+«s  8^^1(3  ^^  +  ^s)  +  ^6  sin  (53^  +  «»)  +  - 

■hstitnting  this  value  in  the  value  for  p,  the  equation  is  theoretically 
jdBdent  to  determine  a^  a,,  etc.,  and  e^y  eg,  etc.  The  equations  are 
ifaic  or  ot  higher  order  and  the  solution  can  only  be  approximate  and  I 
Ire  not  thought  it  worth  while  to  go  further  with  the  calculation. 
rejer,  it  is  easy  to  draw  the  following  conclusion : 
A  simple  harmonic  current  through  an  iron  transformer  will  pro- 
a  secondary  electromotive  force  and  current,  or  both,  which  con- 
not  onJy  the  fundamental  period  but  the  higher  odd  harmonics. 
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2.  TMb  effect  is  not  due  to  hystereeiB  but  to  the  variation  in  the  mag- 
netic permeability. 

3.  The  hannonicB  increase  with  the  increase  in  magnetization  of  the 
iron  and  near]}'  Taoifih  as  the  magnetization  decreases,  although  it  is 
doubtful  if  thoy  ever  quite  vanish.  Hence,  an  increase  of  resistance 
will  decrease  the  harmonics. 

4.  lu  the  method  of  introducing  the  hysteresis  into  the  equations,  il 
enters  as  an  addition  to  the  resistance  in  the  term  /?a,  +  Anb,  where 
R  is  the  resistance,  a,  the  maximum  current,  A  the  coefficient  of  hjrster- 
esia,  which  is  dependent  upon  the  amount  of  magnetization  of  the  iron, 

mber  of  turns  of  wire,  and  6  =  ^ia  3t  divided  by  the  time  of 


n  then 

n  complete  period. 

The  introduction  of  the  hysteresis  into  the  ordinary  equations,  thi 
fore,  presents  little  or  no  difficulty 

Many  observers  have  noted  that  the  current  curve  in  a  transformer 
was  not  a  sine  curve  and  Prof.  Ayrton  has  shown  the  presence  of  the 
odd  harmonics  but  gives  no  explanation.  Mr.  Fleming  has  attributed 
them  to  hysteresis,  but  I  believe  the  present  paper  gives  the  first  trne 
OJtplanation. 

Problem  3. — To  find  the  work  of  hysteresis.  "Let  the  resistance,  S, 
be  zero.  The  work  done  wiU  then  be  the  integral  of  the  current  times 
jibe  electromotive  force,  or 


er«« 


-f' 


dt 


the  integral  to  be  taken  for  one  period  of  the  current. 


All  the  other  terms  are  zero. 

In  a  unit  of  time  the  energy  absorbed  is 


Steinmetz  has  found  by  experiment  that  this  varies  as  the  1-6  power 
of  the  magnetic  induction.  Of  course  the  present  theory  gives  nothing 
of  this  but  only  suggests  a  way  of  introducing  the  hysteresis  into  cal- 
culations of  this  nature.     For  this  purpose  replace  A  by  A'a^-*  and  the 
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work  of  hysteresis  becomes  -^  a^*  which  is  thus  the  formula  of  Stein- 

metz. 

In  the  case  where  a  secondary  exists  the  number  of  turns  of  wire 
being  n*  and  the  current  yS  we  have  simply  to  replace  ny  in  the  above 
formnla  by  ny  +  n^y^  and  change  the  phase  of  the  hysteresis  term  so 
M  to  be  90**  from  the  combined  magnetizing  force,  ny  +  n^ .  The 
equations  of  the  currents  will  then  be,  by  MaxwelFs  formula, 

E=Ry    +n| 

which  suffice  to  determine  both.y  and  y^.  The  result  is  too  complicated 
to  be  attractive.  The  equations  show,  however,  that  the  odd  harmonics 
innst  appear  in  either  the  electromotive  forces  or  the  primary  or  second- 
tiy  corrents,  if  not  in  all  of  them  at  once.  The  exact  distribution  is 
only  a  case  of  complicated  calculation. 

It  is  to  be  specially  noted  that  all  formulae  by  which  self  induction  is 

Uanced  by  a  condenser  will  not  be  correct  when  applied  to  an  iron 

izansformer  but  only  to  an  air  transformer.     They  will,  however,  apply 

^^proximately  to  iron  transformers  in  which  the  magnetization  is  small 

nd  thus  probably  will  apply  better  to  transformers  with  an  open 

magnetic  circuit  than  with  a  closed  one. 

Also  an  iron  transformer  should  not  be  compared  with  an  air  trans- 
former or  two  iron  transformers  with  diflEerent  magnetizations  with 
each  other. 

In  conclusion  I  may  add  that  the  mathematical  difficulties  might  be 
iJvercome  by  another  mode  of  attack  but  other  work  draws  me  in 
mother  iirection  and  I  leave  the  matter  to  be  worked  up  further  by 
rthers. 
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[XleclHcal  World,  XS,  SflS,  ISUS;    la  Lumlire  itectrigui,  XL  TU,  13- 

In  s  recent  number  of  The  Johns  Hopkins  University  Circular  an3 
the  Phil.  ilag.  for  July,  1892,'  1  have  ahown  that  an  iron  transformer 
introduces  harmonics  of  the  periode  3,  5, 1,  etc.,'  times  the  fundamental 
period  into  the  currents  and  electromotive  forces  both  primary  and 
secondary  of  a  transformer  and  that  these  increased  in  value  as  the 
iron  was  more  and  more  magnetized. 

It  is  my  present  object  to  call  attention  to  the  effect  of  these  har- 
monics on  the  trauBiniBsion  of  power  and  its  measurement.  For  light- 
ing purposes  they  are  evidently  of  very  little  significance,  as  currents 
of  all  periods  are  equally  efficient  in  producing  heat.  There  is  a  loss, 
however,  in  the  fact  that  they  cause  more  loss  of  heat  in  the  wires  and 
the  iron  of  the  transformers.  But  for  the  transmission  of  power  the 
case  is  very  different.  Here  the  motors  are  designed  to  run  at  speeds 
dependent  on  the  period;  if  there  is  more  than  one  period  the  adjust- 
ment fails,  and  there  is  a  loss.  The  harmonics  are  thus  useless  in  the 
transmission  of  power  by  pynchronous  motors,  and  are  of  very  little  use 
in  motors  with  revolving  fields.  In  these  cases  the  harmonics  travel 
around  the  circtiits,  heating  the  wires  and  the  iron  without  producing 
valuable  work.  They  then  represent  an  almost  complete  loss  in  the 
transmission  of  power,  and  as  they  may  contain  10,  30  or  even  30  or  40 
per  cent  of  the  current,  according  to  the  magnetization  of  the  trans- 
former, they  are  probably  responsible  for  some  loss  of  efficiency  in  many 
cases,  as  will  be  shown  further  on. 

Indeed,  I  believe  they  are  the  explanation  of  many  seeming  mysteries 
in  the  working  of  alternating  current  motors. 

Special  arrangements  of  condensers  and  coils  can  be  made  to  pick 
out  these  harmonics  so  that  they  become  more  important  than  the 


■  See  alio  tbe  Eli 

'The  periods  a,  ■ 
le  trnostormer  <d  one  dlrecti 
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iriginsl  period.  This  may  occur  accidentally  and  cause  many  curious 
ttsnlls  in  the  working  of  motors. 

It  is,  then,  of  the  first  importance  in  the  transmission  of  power  that 

le  curres  shall  be  pure  sine  curves,  and  dynamos,'  transformers  and 
ootorE  must  be  designed  in  the  future  with  reference  to  this  point, 
it  would  seem,  also,  that  most  calculations  on  the  efficiency  of  power 
tnnHuiBsion  by  alternating  currents  most  he  at  fault  uidess  they 
'oickie  the  action  of  the  harmonics. 

As  to  the  amount  of  loss  from  this  cause  it  is  difficult  to  decide  in 
pBeral,  With  synchronous  motors  the  harmonics  simply  flow  around 
lie  wires  without  producing  useful  current  of  any  kind.  But  this  may 
Ml  cause  great  loss  if  the  resistance  is  small.  Indeed,  considerable 
ilBlortion  may  represent  small  loss  of  power  in  certain  cases  and  great 
Imi  in  others,  according  to  (he  difference  of  phase  of  the  current  and 
fltttromotiTe  force  in  the  harmonica. 

In  the  case  of  motors  with  rotary  fields  the  harmonics  produce  fields 
BTokiDg  with  velocities  3,  5,  7,  etc.,  times  the  primary  field.  Now  it 
^  ateotial  for  the  efficiency  of  these  motors  that  the  armature  shall 
nrohe  nearly  as  fast  as  the  field,  and  hence  the  efficiency  for  the 
luraioniee  must  be  very  small  indeed,  and  this  must  decrease  the  effi- 
aoey  of  the  apparatus  as  a  whole. 

As  to  the  heating  of  the  wires  by  the  harmonics,  it  is  easy  to  see  that 
is  total  heating  due  to  ail  the  currents  o£  different  periods  will  simply 
itlie  sum  of  the  heatings  due  to  each  of  the  currents  separately. 

51ie  effect  of  harmonics  on  the  hysteresis  is  much  more  complicated 
id  can  hardly  be  calculated  without  further  ejiperiment.  However, 
B  following  hypotheses  may  give  some  idea  of  the  action.  Let  the 
Imar;  electromotive  force  he  considered  unity,  and  let  a^,  Oj,  etc.,  be 
>  electromotive  forces  of  the  harmonics.  If  these  acted  separately 
the  bvsteresis  the  total  would  he: 

Ifain,  if  they  all  combined  so  that  the  maximum  electromotive  force 
oual  to  the  enin  of  them  all,  the  hysteresis  will  be  nearly: 


sod  niotorE  iatrodnce  tbe  add  blrmonic*  OD  ai^count  ol  the  varUtione 
•riMndoctlon  ot  the  nmcblne.  which  beeomaa  very  apparent  wluo  a  Blroug 
if  fowing.       Tbe  arnmtnre  rGuctloua  may  also  luiroJace  llie  baraonlc. 
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However,  it  ia  hardly  probable  that  this  last  condition  would  be  often 
Batisfiedj  in  which  case  this  formula  would  give  too  great  a  value. 
When  the  harmonies  are  small  this  last  formula  can  be  written  nearly 

1  +  1-6  ('"■'+  1'-  +etc.'l 


2  and  a^  ^:  1,  these  t 
cent  in  the  loss  due  to 


J 

to 


As  an  example,  suppose  a,=  -3  and  a, 
formulas  give  an  increase  of  10  and  24  per  i 
hysteresiB. 

The  current  heating  is  only 

1  +  a;  +  nj  +  etc. ' 
Or,  in  the  example, 

1  +  -09  +  -04  +  -01  =  1-14. 

It  would  seem,  then,  that  the  losses  due  to  hysteresis  and  current 
heating  may  be  much  increased  by  the  harmonics, 

I  believe  the  statement  has  been  made  that  the  form  of  the  curve 
does  not  influence  the  hysteresis.  This  is  evidently  incorrect,  unless 
we  take  the  top  of  the  curve  to  reckon  from,  in  which  case  the  statement 
agrees  with  the  second  hypothesis  given  above  if  the  harmonics  are  of 
the  proper  phase. 

To  estimate  the  influence  on  the  efficiency  of  a  plant,  assume  the 
efficiency  of  the  dynamo  and  synchronous  motor  with  primary  currents 
as  each  equal  to  90  per  cent,  and  of  the  two  transformers  equal  to  93 
per  cent,  and  assume  that  all  the  currents  have  the  same  harmonics  as 
given  above.  The  total  efficiency  will  !'>■  TO  per  cfiit.  If  the  harmonics 
are  now  added,  the  30  per  cent  loss  will  become  about  35  per  cent,  the 
efficiency  will  be  decreased  to  65  per  cent  nearly,  a  loss  of  5  per  cent. 
There  is  too  much  assumption  about  this  calculation  to  warrant  full 
belief,  and  the  figures  are  given  more  as  a  challenge  to  further  investi- 
gation than  as  facts.  That  there  is  a  decrease  of  efficiency  is  certain, 
but  the  amount  must  be  determined  by  further  experiment  and  mathe- 
matical investigation.  But,  however  small  the  loss,  provided  it  occurs 
in  the  transformers  or  the  dynamos  and  motors,  it  may  be  of  great 
consequence  on  account  of  its  heating  effect,  because  the  output  of 
these  is  limited  by  the  amount  of  the  heat  generated. 

The  practical  conclusion  seems  to  be  that  transformers  and  the  arma- 
tures of  dynamos  to  be  used  in  the  transmission  of  power  must  be 
designed  for  low  magnetizations.     By  experiment  with  transformers, 


*  TblB  formula 
It  U  greater  on  ■< 


e  for  tha  bftrmonlci,  wberea* 
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nude  by  Dr.  Duncan  in  this  laboratory,  immense  distortion  of  the 
cunis  has  been  found  when  the  induction  exceeds  12,000  lines  per 
sqiaie  centimetre,  while  the  curves  are  comparatively  smooth  with  only 
5000;  hence  I  scarceJj  think  it  advisable  to  use  more  than  5000  for 
transformers,  even  though  low  frequency  were  used.  As  to  dynamos 
Mii  motors  the  limit  will  depend  on  the  variety  of  machine  used  and 
liU  not  influence  the  better  class  very  much. 

He  fixing  of  the  limit  of  magnetization  of  transformers  at  5000 
causes  the  output  with  given  current  to  var)'  inversely  as  the  frequfucij. 
As  the  hysteresis  with  slow  frequency  will  be  less,  we  may  increase  the 
cuneal  somewhat  to  make  up  for  it.  As  to  the  exact  law,  it  depends 
oa  the  relative  dimensions  of  wire  and  iron.  Practically  we  might 
wtiniate  for  an  ordinarv-  transformer  that  the  output  varied  inversely 
*s  lie  eight-tenth  power  of  the  frequency. 

The  law  that  the  output  varies  inversely  aa  the  four-tenth  power  of 
the  frequency  assumes  that  the  magnetization  increases  with  decrease 
"f  frequency  and  thus  distorts  the  curves  as  shown  above. 

The  immense  increase  of  the  size  and  cost  of  transformers  when  dis- 
•wtioD  of  the  curve  is  avoided  precludes  the  use  of  very  low  frequencies 
eren  were  it  otherwise  desirable. 

It  is  to  be  noted  that  Ihe  action  of  the  iron  in  producing  harmonics 
a  directly  on  the  electromotive  force,  and  the  amount  of  current  flow- 
ugwill  depend  on  the  resistance  and  the  self-induction  of  the  circuit. 

Breuetance,  owing  to  so-called  '  skin '  effect,  will  be  greater  for  the 
Heb  than  for  the  fundamental  period.  Self-induction  depending 
Bir  will  always  diminish  the  harmonics,  while  if  it  is  due  to  iron 
Ifetlier  increase  or  decrease  them  according  to  fheir  phase. 
The  measurement  of  the  energy  supplied  by  an  alternating  current  is 
so  much  complicated  by  the  presence  of  harmonics. 
Let  the  current  be 

C=  ^,8in  {bt+  f)  +  A^sm  {^U-\-  <f,)  +  J, sin  {abt  +  t%)  -1- 
id  electromotive  force 

E=  B^  sin  hi  -V  B,  sin  (3  bl  +  V'^)  +  5.  aln  ( 5  W  +  4-^)  + 
energy  transmitted  is,  then,  per  unit  of  time 
rCEdt  =  ^    T'cEdibt) 

Unis  the  number  of  complete  periods  in  the  primary  term,  then  h  = 
uid  the  energj-  transmitted  per  second  becomes 
\\_A,  B,  cos  p  +  A,  B,  COS  (if,  -  >,'■,)  +  ,1,  B^  cos  (y,  —  VJ  +  etc.] 


% 
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An  ordinary  wattmeter  in  the  form  of  an  eiectrodynamometer  with 
non-inductive  coils  would  give  the  correct  value  of  this  quantit)-,  but 
any  attempt  to  multiply  the  mean  electromotive  force  by  the  current 
and  the  cosine  of  the  phase  would  lead  to  an  incorrect  result  unless  this 
was  done  for  each  harmonic  separately. 

It  is  to  be  noted  that  the  introduction  of  condensers  to  balance  self- 
induction  will  only  work  for  one  period  at  a  time. 

Indeed  very  many  of  the  results  hitherto  obtained  by  observers  and 
theorists  will  require  modification  in  the  presence  of  these  harmonics. 

It  would  seem  from  the  above  that  the  transmission  of  a  current  for 
electric  lighting  is  quite  a  different  thing  from  the  transmission  of  a 
suitable  current  for  motors.  It  will  be  remembered  that  the  transmis- 
sion in  the  Frankfort-Lauffen  experiment  was  one  of  a  lighting  current 
alone  and  that  some  mystery  seems  to  hang  over  the  motor  tests.  Can 
the  presence  of  these  harmonics  have  anything  to  do  with  this? 


J 
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It  la  not  uncommoD  for  electricians  to  be  asked  whether  modern 
WMice  has  yet  determined  the  nature  of  electricity,  and  we  often  find 
(iiflieitltj  ill  answering  the  question.  \Vlien  the  latter  comes  from  a 
ptfbon  of  gmall  knowledge  which  we  know  to  be  of  a  vague  and  general 
uiure,  we  naturally  answer  it  in  an  equally  vague  and  general  manner; 
Init  itlien  it  comes  from  a  student  of  science  anxious  and  able  to  bear 
tiftnith,  we  can  now  answer  with  certainty  that  electricity  no  longer 
ttists.  Electrical  phenomena,  electrostatic  actions,  electromagnetic 
Wion,  electrical  waves, — these  slill'  exist  and  require  explanation;  but 
dectricity,  which,  according  to  the  old  theory,  is  a  viscous  fluid  throw- 
ing out  little  amceba-iike  arms  that  stick  to  neighboring  light  sub- 
tuices  and,  contracting,  draw  them  to  the  electrified  body,  electricity 
t  a  self- repellent  fluid  or  as  two  kinds  of  fluid,  positive  and  negative, 
tlrjetiag  each  other  and  repelling  themselves, — this  electricity  no 
mger  exists.  For  the  name  electricity,  as  used  up  to  the  present  time, 
pifiee  at  once  that  a  substance  is  meant,  and  there  is  nothing  more 
Ttain  to-day  than  tbat  electricity  is  not  a  fluid. 

This  makes  the  task  of  one  who  attempts  to  explain  modern  elec- 

tcil  theory  a  very  difficult  one,  for  the  idea  of  electricity  as  a  fluid 

trades  the  whole  language  of  electrical  science,  and  even  the  defini- 

(U  of  electrical  unite  as  adopted  by  all  scientists  suggest  a  fluid  theory. 

wonder,  then,  that  some  practical  men  have  given  up  in  despair 

finnlly  concluded  (hat  the  easiest  way  to  imderstand  a  telegraph 

is  to  consider  that  the  earth  is  a  vast  reservoir  of  electrical  fluid, 

icJi  is  pumped  up  to  the  line  wire  by  the  battery  and  finally  descends 

ib  proper  level  at  the  distant  end.     Is  not  this  the  proper  conclusion 

3nw  from   that  unfortunate  term  'electric  current'?     Hemember- 

this  fact, — that  we  cannot  yet  free  ourselves  from  these  old  theories, 

exsctlr  euit  our  words  to  our  meaning, — we  shall  now  try  to  under- 

id  the  modem  progress  in  electrical  theory. 

!hi«  whole  progress  ia  based  upon  something  in  the  human  mind 
w«ms    tis   against  the  possibility   of  attraction   at   a  distance 
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through  vacant  apace:  Newton  felt  this  bnpossibilitj  in  the 
gravitation,  but  it  ie  to  Faraday  that  we  must  look  principally  forth* 
idea  that  electrical  and  magnetic  actions  must  be  carried  ou  by  incuil 
of  a  Di,edium  iilling  all  spate  and  usually  called  the  ether.  The  devflop- 
ment  of  this  idea  leads  to  the  modem  theory  of  electrical  phenoiueai. 

Take  an  ordinary  steel  magnet  and,  like  Faraday,  cover  it  witli 
sheet  of  paper,  and  upon  this  sprinkle  iron  filings.  Mapped  before  nl 
we  see  Faraday's  lines  of  magnetic  force  extending  from  pole  to  pole. 
We  can  calculate  the  form  of  these  lines  on  the  supposition  that 
magnetic  fluid  is  either  distributed  over  the  poles  of  the  magnet  or 
on  its  molecules,  assuming  that  attraction  takes  place  through  s[)US. 
without  an  intervening  medium.  But  at  this  idea  the  mind  of  Faradif 
revolted,  and  he  conceived  that  these  lines,  drawn  for  us  by  the  irW' 
filings,  actually  exist  in  the  ether  surrounding  the  magnet:  he  CTffl 
conceived  of  them  as  having  a  tension  along  their  length  and  a  repotf 
eion  for  one  another  perpendicular  to  their  length. 

Two  magnets,  then,  near  each  otlier,  become  connected  by  these  Unf 
which,  like  little  elastic  bands  always  pulling  along  their  length,  striw 
to  bring  the  magnets  together.  These  so-called  lines  of  force  (i 
called  tubes  of  force)  were,  by  his  theory,  conducted  better  by  iron  mi 
worse  by  bismuth  than  by  the  ether  of  apace,  and  so  gave  the  eipUnl 
tion  of  magnetic  attraction  and  diamagnetic  repulsion. 

The  same  theory  of  lines  of  force  was  also  applied  by  Faraday 
electrified  bodies,  and  thus  all  electrostatic  attractions  were  explaiM 
By  this  idea  of  lines  of  force  it  will  be  seen  that  Faraday  did  si 
with  all  action  at  a  distance  and  with  all  magnetic  and  electrical  flu 
and  substituted,  instead,  a  system  in  which  the  ether  surrounding  tl 
magnet  or  the  electrified  body  became  the  all-important  factor  and  t 
magnet  or  electrified  body  became  simply  the  place  where  the  lines 
force  ended:  where  a  line  of  magnetic  force  ended,  there  was  a  portil 
of  imaginary  magnetic  fluid ;  where  a  line  of  electric  force  ended,  th< 
was  a  portion  of  imaginary  electric  fluid.  As  the  quantities  of  i 
called  plus  and  minus  electricity  in  any  system  are  equal,  we  c 
thus  imagine  every  charged  electrical  system  to  be  composed  of 
group  of  tubes  of  electrical  force  (more  strictly  electric  inductii 
which  unite  the  plus  and  minus  electrified  bodies,  each  unit  tube  hari 
one  unit  of  plus  electricity  on  one  end  and  one  unit  of  minus  electril 
on  the  other.  The  tension  along  the  tube  explains  the  reason  i 
such  an  arrangement  acts  as  if  there  were  real  plus  and  minus  ^ 
trical  fluids  on  the  ends  of  the  tube,  attracting  one  another  at  a  i 


Modern  Theories  as  to  Electricity 


287 


Consider  a  plus  eluctrified  sphere  far  away  from  other  bodies. 
The  lines  of  force  radiate  from  it  in  all  directions,  and,  being  §yiiinietri- 
cnl  around  the  sphere,  they  pull  it  equally  in  all  directions.  Now 
bring  near  it  a  minus  electrified  body,  and  the  lines  of  force  turn  toward 
it  and  become  concentrated  ou  the  side  of  the  sphere  toward  such  a 
body.  Hence  the  lines  pull  more  strongly  in  the  direction  of  the 
negative  body,  and  the  sphere  tends  to  approach  it. 

In  I  he  case  of  a  conducting  body  the  lines  of  force  always  pass  out- 
wards perpendicularly  to  the  surface,  and  hence,  if  we  know  the  distri- 
bution of  the  lines  over  the  surface,  or  the  so-called  surface  density  of 
the  electricity,  we  can  always  tell  in  which  direction  the  body  tends  to 
move.  It  is  not  necessary  to  know  whether  there  are  any  altracling 
bodies  near  the  conductor,  but  only  the  distribution  of  the  lines.  These 
lines  then  do  away  with  all  necessity  for  considering  action  at  a  dis- 
tance, for  we  only  have  to  imagine  a  kind  of  ether  in  which  lines  of 
force  with  given  properties  can  exist,  and  we  have  the  explanation  of 
electric  attraction. 

But  the  question  now  arises  as  to  how  the  lines  of  electric  force  can 
be  produced  in  the  ether,  or,  in  other  words,  how  bodies  can  be  charged. 

In  the  first  place  we  know  that  equal  quantities  of  plus  and  minus 
electricity  are  always  produced-  As  an  illustration,  suppose  it  is  re- 
quired to  charge  two  balls  with  electricity.  Pass  a  conducting  wire 
between  them  with  a  galvanic  battery  in  its  circuit.  The  galvanic 
battery  generates  the  luiea  of  force;  these  crowd  together  around  it  and 
push  each  other  sideways  until  their  ends  are  pushed  down  the  wire 
and  many  of  them  are  pushed  out  upon  the  balls. 

When  the  tension  backwards  along  the  lines  of  force  just  balances 
the  forward  push  of  the  electromotive  force  of  the  battery,  eqnilibrium 
is  established.  If  the  wire  is  a  good  conductor,  there  may  be  electrical 
oscillations  before  the  lines  come  to  rest  in  a  given  position,  and  this  I 
shall  consider  below. 

The  motion  of  the  ends  of  the  lines  of  force  over  and  in  the  wire 
constitutes  what  is  called  an  electric  current  in  the  wire  which  is 
Bccompanied  by  magnetic  action  around  it  and  also  by  waves  of  electro- 
magnetic disturbance  which  pass  outward  into  space. 

If,  after  i^quilibrium  is  established,  we  remove  the  wire,  we  have 
limply  two  charged  spheres  connected  by  lines  of  electrostatic  force 

id  thereby  attracted  to  each  other.  If  we  replace  the  batterj-  by  a 
dynamo  or  by  an  electric  machine  the  effect  is  the  same. 

But  there  is  another  way  by  which  bodies  are  often  charged  and 
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that  is  by  friction.  In  this  case  we  can  suppose  the  glasa  to  u 
of  one  end  of  the  lines  of  force  and  the  rubber  the  other  end  a 
then  only  necessary  to  pull  Ihe  bodies  asunder  to  fill  the  space  wit 
lines.  The  friction  is  merely  needed  to  bring  the  two  bodies  into  in| 
mate  contact  and  remove  them  gently  from  each  other. 

The  following  considerations  may  guide  us  in  unJer^tRnding  t 
details  of  the  process.  It  is  well  known  from  Faraday's  researclu 
that  a  given  quantity  of  electricity  has  a  fixed  relation  to  the  cliemifl 
equivalents  of  substances.  Thus  it  requires  10,000  absolute  electn 
magnetic  units  of  electricity  to  deposit  114  grams  of  silver,  68  gr&nul 
copper,  34  grams  of  ziuc,  etc. 

Hence  we  can  consider,  for  instance,  in  chloride  of  silver  that  i 
atoms  of  silver  are  joined  to  the  atoms  of  chlorine  by  lines  of  elect! 
static  force  which  hold  them  to  each  other.  If,  by  rubbing  the  chloiii 
of  silver,  we  could  remove  the  chlorine  on  the  rubber  while  lea 
the  silver,  we  could  stretch  them  asunder  and  so  fill  space  wiOi  the  IJ 
of  electrostatic  force.  According  to  this  theory,  then,  each  atom  b 
a  number  of  lines  of  force  attached  to  it,  and  it  is  only  by  stretchi 
the  atoms  apart  that  we  can  fill  an  appreciable  space  with  them  and 
cause  electrostatic  action  at  a  distance. 

We  come  to  the  conclusion,  then,  that  all  electrification  ifl  origini 
produced  by  separating  the  atoms  of  bodies  from  one  another,  wlu 
can  be  done  by  breaking  contact,  by  friction,  or  by  direct  ( 
action  of  one  substance  on  another,  or  in  some  other  manner  not 
common.  The  lines  of  electrostatic  force  in  a  case  of  electricity 
rest  must  always  begin  and  end  on  matter,  and  they  can  never  b 
their  ends  in  space  free  from  matter.  The  ends  can  be  carried  alt 
with  the  matter,  constituting  electric  convection,  or  they  can  f 
through  a  metallic  conductor  or  an  electrolyte  or  rarefied  gas,  mak 
what  we  call  an  electric  current;  but,  as  they  cannot  end  in  a  v 
they  cannot  pass  through  it.  Thus  we  conclude  that  a  vacuum  i 
perfect  non-conductor  of  electricity. 

The  exact  process  by  which  the  ends  of  the  lines  of  force  | 
through  and  along  a  conductor  can  at  present  be  only  dimly  i 
and  no  existing  theory  can  be  considered  as  entirely  satisfactory. 
the  case  of  an  electrolyte,  however,  we  can  form  a  fairly  perfect  pid 
of  what  takes  place  as  the  decomposition  goes  on.  Thus,  in  the  c 
zinc  and  copper  in  hydrochloric  acid,  we  can  imagine  the  zinc  f 
attracting  the  chlorine  of  the  acid,  thus  stretching  out  the  natural , 
of  electric  force  connecting  the  chlorine  atom  and  the  first  hydn 
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ttimi;we  can  imagine  the  atoms  of  chlorine  and  hydrogen  in  the  body 
of  the  liquid  recombining  with  each  other  and  their  lines  of  force  unit- 
ing until  they  form  a  complete  liBe  long  enough  to  stretch  from  the 
Boc  10  the  copper  plate;  and  all  without  once  making  a  line  of  force 
titbont  lis  end  upon  matter.  We  can  further  imagine  the  ends  o£  thia 
le  Eliding  along  the  copper  and  zinc  plates  to  the  conducting  wires 
ud  down  their  length,  thus  making  an  electric  current  and  carrying 
fte  eoergy  of  chemical  action  to  a  great  distance. 
If  the  ends  of  the  lines  should  slide  along  the  wire  without  any 
siatance,  the  wire  would  he  a  perfect  conductor:  hut  aU  suhstances 
t  some  resistance,  and  in  this  case  heat  is  generated.  This  we 
^js  find  where  an  electric  current  passes  along  a  wire:  as  to  the 
rt  nature  of  this  resistance  or  the  nature  of  metallic  conduction  in 
laenl  we  know  little,  but  I  believe  we  are  approaching  the  time  when 
e  can  at  least  imagine  what  happens  in  this  most  interesting  case, 
fiesidea  the  heating  due  to  the  electric  current,  steadily  flowing,  we 
Bsl  now  account  for  the  magnetic  lines  of  force  surrounding  the  cur- 
it  and  the  magnetic  induction  of  one  current  on  the  other. 
U  the  current  is  produced  by  the  ends  of  the  tubes  of  electrostatic 
e  moving  along  the  wire,  then  we  may  imagine  that  the  movement 
tlie  lines  of  electrostatic  force  in  space  produces  the  lines  of  mag- 
t  force  in  a  direction  at  right  angles  to  the  motion  and  to  the 
KtioD  of  the  lines  of  electrostatic  force.  At  the  same  time  we  must 
Breful  not  to  asstmie  too  readily  that  one  is  the  cause  and  the  other 
effect:  for  we  well  know  that  a  moving  line  of  magnetic  force  (more 
■It  induction)  produces,  as  Faraday  and  Maswell  have  shown,  an 
c  force  perpendicular  to  the  magnetic  line  and  to  the  direction  of 
1.  Neither  line  can  move  without  being  accompanied  by  the 
IT,  «nd  we  can,  for  the  moment,  imagine  either  one  as  the  cause  of 
itber.  However,  for  steady  currents,  it  is  simpler  to  take  the  mov- 
Inee  of  electrostatic  force  as  the  cause  and  the  magnetic  lines  aa 
ffect 

I  hare  now  to  consider  what  happens  when  we  have  to  deal  with 
ble  currents  rather  than  steady  ones. 

thia  case  we  know  from  the  calculations  of  the  great  Maxwell 
he  demonstrations  of  Hertz  that  waves  of  electromagnetic  disturb- 
ire  given  out.  To  produce  these  waves,  however,  very  violent 
loes  are  necessary.  A  fan  waved  gently  in  the  air  scarcely 
lOM  the  mildest  sort  of  waves,  while  a  bee,  with  comparatively 
TOio^  OTored  quickly  and  vigorously,  emits  a  loud  sound. 
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80,  with  electricity,  we  must  have  a  very  violent  electrical  vibration 
before  waves  carrying  much  energy  are  given  out. 

Such  a  vibration  we  find  when  a  spark  passes  from  one  conductor 
to  another.  The  electrical  system  may  be  small  in  size,  but  the  im- 
mensely rapid  vibrations  of  millions  of  times  per  second,  like  the  quick 
vibration  of  a  bee's  wing,  sends  out  a  volume  of  waves  that  a  slowly 
moving  current  is  not  capable  of  producing.  The  velocity  of  these 
waves  is  now  known  to  be  very  nearly  300,000  kilometers  per  second. 
This  is  esflctly  the  velocity  of  waves  of  light,  or  other  radiation  in 
general,  and  there  is  no  doubt  at  present  in  the  minds  of  physicists 
that  these  waves  of  radiation  are  electromagnetic  waves. 

By  this  great  discovery,  which  almost  equals  in  importance  that  of 
gravitation,  Maiwell  has  connected  the  theories  of  electricity  and  of 
light,  and  no  theory  of  one  can  be  complete  without  the  other.  Indeed 
they  must  both  rest  upon  the  properties  of  the  same  medium  which 
fills  all  space — the  ether. 

Not  only  must  this  ether  account  for  all  ordinary  electrical  and  mag- 
netic actions,  and  for  light  and  other  radiation,  but  it  must  also  account 
for  the  earth's  magnetism  and  for  gravitation. 

To  account  for  the  earth's  magnetism,  we  must  suppose  the  ether 
to  have  such  properties  that  the  rotation  of  ordinary  matter  in  it  pro- 
duces magnetism.  To  account  for  gravitation  it  must  have  such  prop- 
erties that  two  masses  of  matter  in  it  tend  to  move  toward  each  other 
with  the  known  law  of  force,  and  without  any  5oss  of  time  in  the  action 
of  the  force.  We  know  that  moving  electrical  or  magnetic  bodies  re- 
quire a  time  represented  by  the  velocity  of  light  before  they  can  attract 
each  other  in  the  line  joining  them.  But,  for  gravitation,  no  time  is 
allowable  for  the  propagation  of  the  attraction. 

But  the  problem  is  not  so  hopeless  as  it  at  fiist  appears.  Have  we 
not  in  two  hundred  and  fifty  years  ascended  from  the  idea  of  a  viscous 
fluid  surrounding  the  electrified  body  and  protruding  arms  outward  to 
draw  in  the  light  surrounding  bodies  to  the  grand  idea  of  a  universal 
medium  which  shall  account  for  electricity,  magnetism,  light,  and 
gravitation  ? 

The  theory  of  electricity  and  magnetism  reduces  itself,  then,  to  the 
theory  of  the  ether  and  its  connection  with  ordinary  matter,  which  we 
imagine  to  be  always  immersed  in  it.  The  ether  is  the  medium  by 
which  alone  one  portion  of  matter  can  act  upon  another  portion  at  a 
distance  through  apparently  vacant  space. 

Let  us  then  attempt  to  see  in  greater  detail  what  the  ether  must 
exntain  in  order  that  we  may,  if  possible,  imagine  its  nature. 
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let.  It  must  be  able  lo  explain  electrostatic  attraction.  These 
et«troatatic  forces  are  mostly  rather  feeble  as  we  ordinarily  eee  them. 
Air  breaks  down  and  a  spark  passes  when  the  tension  on  the  ether 
noouiiis  to  about  ^hf  pound  to  the  square  inch.  It  is  the  air,  how- 
ner,  that  causes  the  break-down.  Take  the  air  entirely  away,  and  we 
then  know  no  limit  to  this  force.  In  a  suitable  liquid  it  may  amount 
Id  500  times  that  in  air  or  5  pounds  to  1  square  inch,  and  become  a 
feiy  Ftrong  force  indeed.  In  a  perfect  vacuum  the  limit  is  unknowTi, 
kt  it  cannot  be  less  than  in  a  liquid,  and  may  thus  possibly  amount 
to  hundreds,  if  not  thousands,  of  pounds  to  the  square  inch. 

It  must  eitplain  magnetic  action.  These  actions  are  apparently 
Hionger  than  electrostatic  actions,  but  in  reality  they  are  not  neces- 
nilj  80.  A  tengio'n  on  the  ether  of  only  a  few  hundred  pounds  on 
^^_iHqaare  inch  will  account  for  all  magnetic  attraction  that  we  know  of, 
utiiongh  we  are  able  to  fix  no  limit  to  the  force  the  ether  will  sustain. 
So  ngns  have  ever  been  discovered  of  the  ether  breaking  down, 

A^ftin,  we  must  be  able  to  account  for  the  magnetic  rotation  of 
poltriied  light  as  it  passes  through  the  magnetic  field ;  and  it  can  only 
«  accounted  for  by  assuming  a  rotation  around  the  lines  of  mag- 
■^':  force.  This  action,  however,  takes  place  only  while  the  lines 
t  Diabetic  force  pass  through  matter,  and  it  has  never  been  observed 
I  tin  ether  itself.  The  velocity  of  rotation,  however,  is  immense,  the 
le  ot  polarization  rotating  in  some  cases  300,000,000  times  per 
md. 

The  ether  must  also  account  for  the  earth's  magnetism.  If  we 
B  that  magnetic  lines  of  force  are  simply  vortex  filaments  in  the 
ifcer,  we  have  only  to  suppose  that  the  ether  is  carried  around  by  the 
Ution  of  the  earth,  and  we  have  the  explanation  needed.  The  mag- 
tiiin  of  the  earth  would  then  be  simply  a  whirlpool  in  the  ether. 
3d.  The  ether  must  be  able  to  transmit  to  a  distance  an  immense 
int  of  energy  either  by  means  of  electromagnetic  waves  as  in  light 
'by  the  similar  action  which  takes  place  in  the  ether  surrounding  a 
e  carrying  an  electric  current. 
The  amount  of  energy  which  can  be  transmitted  by  the  ether  in 
I  tnamier  is  enormous,  far  exceeding  that  which  can  be  carried  by 
filling  composed  of  ordinary  matter.  Thug  take  the  ease  of  sun- 
:  on  the  earth's  surface  illuminated  by  strong  sunlight  a  horse- 
r  of  energy  falls  on  every  7  square  feet.  At  the  surface  of  the 
I  the  etherial  waves  carry  energj'  outward  at  the  rate  of  nearly  8000 
t-power  per  square  foot! 


Again,  an  electric  wire  aa  large  as  a  kuittiitg  needle,  surrounded 
nith  a  tube  half  an  inch  in  diameter  in  which  a  perfect  vacuum  haa 
been  made  to  prevent  the  escape  of  electricity,  may  convey  to  a  dis- 
tance a  thouGand  horse-power,  indeed  even  ten  thonsand  or  more  horse- 
power, there  being  apparently  no  limit  to  the  amount  the  ether  caa 
carry. 

Compare  this  with  the  steam-engine,  where  only  a  few  hundn 
horse-power  require  an  enormous  and  clumsy  steam  pipe.  Or,  again 
the  amount  carried  by  a  steel  shaft,  which,  at  ordinary  rate  of  speec 
would  require  to  be  about  a  foot  in  diameter  to  transmit  10,000  horsf 
power. 

When  we  compare  the  energy  transmitted  through  a  square  foot  of 
ether  in  waves,  as  in  the  case  of  the  sun,  with  the  amount  that  can  "be 
conveyed  by  means  of  sound  waves  in  air  or  even  sound  waves  in  steel, 
the  comparison  becomes  simply  ridiculous,  the  ether  being  so  im- 
mensely superior.  As  quick  as  light,  the  ether  sends  its  wave  energy 
to  the  distance  of  a  million  miles  while  the  sluggard  air  carries  it  one. 
Thus,  with  equal  strain  on  each,  the  ether  carries  away  a  million  tiiaes 
the  energy  that  the  air  could  do. 

4th.  The  ether  must  account  for  gravitation.  For  this  purpose  »* 
are  allowed  no  time  whatever  to  transmit  the  attraction.  As  soon  u 
the  position  of  two  bodies  is  altered,  just  so  soon  must  the  line  of  action 
from  one  to  the  other  be  in  the  straight  line  between  them. 

If  this  were  not  so,  the  motion  of  the  planets  around  the  sun  wonW 
be  greatly  altered.  Toward  the  invention  of  such  an  ether,  capable 
of  carrying  on  all  these  actions  at  once,  the  minds  of  many  scientific 
men  are  bent.  Now  and  then  we  are  able  to  give  the  ether  such  proper- 
ties as  to  explain  one  or  two  of  the  phenomena,  but  we  always  cnme 
into  conflict  with  other  phenomena  that  equally  demand  explanation. 

There  is  one  trouble  about  the  ether  which  is  rather  difficult  tfl 
explain,  and  that  is  the  fact  that  it  does  not  seem  to  concentrate  itself 
about  the  heavenly  bodies.  As  far  as  we  are  able  to  test  the  point, 
light  passes  in  a  straight  line  through  space  even  when  near  or 
the  larger  planets,  unless  the  latter  possesses  an  atmosphere.  This 
could  hardly  happen  unless  the  ether  was  entirely  incompressible  «r 
else  possessed  no  weight. 

If  the  ether  is  the  cause  of  gravitation,  however,  it  is  placed  oofr 
side  the  category  of  ordinary  matter,  and  it  may  thus  have  no  wi 
although  still  having  inertia,^ — a  thing  impossible  for  ordinary  matta 
where  the  weight  is  always  exactly  proportional  to  inertia. 
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Ether,  then^  is  not  matter^  but  something  on  which  many  of  the 
properties  of  matter  depend. 

It  is  curious  to  note  that  Newton  eoneeiyed  of  a  theory  of  gravita- 
tion based  on  the  ether^  which  he  supposed  to  be  more  rare  aroimd 
ordinary  matter  than  in  free  space.  But  the  above  considerations 
would  cause  the  rejection  of  such  a  theory.  We  have  absolutely  no 
adequate  theory  of  gravitation  as  produced  by  ether. 

To  explain  magnetism^  physicists  usually  look  to  some  rotation  in 
the  ether.  The  magnetic  rotation  of  the  plane  of  polarization  of  light 
together  with  the  fact  of  the  mere  rotation  of  ordinary  matter,  as 
aemplijBed  by  the  earth's  magnetism,  both  point  to  rotation  in  the 
ether  as  the  cause  of  magnetism.  A  smoke  ring  gives,  to  some  extent, 
file  modem  idea  of  a  magnetic  line  of  force.  It  is  a  vortex  filament 
i&  the  ether. 

Bectrostatic  action  is  more  difficult  to  explain,  and  we  ha^  hardly 
|ot  farther  than  the  vague  idea  that  it  is  due  to  some  sort  of  elastic 
M^ng  in  the  ether. 

Light  and  radiation  in  general  are  explained  when  we  imderstand 
dearly  magnetic  and  electrostatic  actions  as  the  two  are  linked  together 
^'th  certainty  by  Maxwell's  theory. 

Where  is  the  genius  who  will  give  us  an  ether  that  will  reconcile 
^  these  phenomena  with  one  another  and  show  that  they  all  come 
m  the  properties  of  one  simple  fluid  filling  all  space,  the  life-blood 
he  universe — ^the  ether? 
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The  electrical  qnantitiee  penaining  to  an  electric  current  which  it 
is  usually  necessan^  to  measure,  ontside  of  corrent,  electroinotiv*  lorc^ 
watts,  etc.,  are  resiftances,  self  and  mutual  inductancee  and  ct^dtio. 
I  propose  to  treat  of  the  measurement  of  altematiiig  currente,  e 
motive  force  and  watts  in  a  separate  paper,  Reeistances  are  ordin»rilj 
best  i/^h  with  by  continuous  currents,  except  liquid  resistancea. 
propose  to  treat  in  this  paper,  howevor,  mainly  of  indue tances,  self  ai 
mutual,  and  of  capacities  together  with  their  ratios  and  values  in  abw- 
lute  measure  as  obtained  by  aitematLng  currents,  I  also  give  a  i« 
methods  of  resistance  measurement  more  accurate  than  usually  gi^es 
by  means  of  telephones  or  elect  rodynamometers  as  usually  aaeJ  w 
specially  suitable  for  resistances  of  electrolytic  liquids. 

I  have  introduced  many  new  and  some  old  methods,  depending  vfU 
making  the  whole  current  through  a  given  branch  circuit  equal  toK 
These  always  require  two  adjustments  and  they  must  often  be  nu 
simultaneously.  However,  some  of  them  admit  of  the  adjustine 
being  made  independ-'ntly  of  each  other,  and  these,  of  course,  aw  I 
most  convenient.  But  all  these  zero  methods  do  not  admit  o(  »it 
great  accuracy  unless  very  heavy  currents  are  passed  through  t 
resistances.  The  reason  of  this  is  that  an  electrodynamometer  cannC 
be  made  nearly  as  sensitive  for  small  currents  as  a  magnetic  gaWaB 
meter.  The  deflection  of  an  elect  rod  jTiamometer  is  as  the  square) 
the  current.  To  make  it  doubly  sensitive  requires  double  the  nni 
of  turns  in  both  the  coils.  Hence  we  quickly  reach  a  limit  of  senaitil 
ness.  It  is  easy  to  measure  an  alternating  current  of  0001  ampere  11 
difficult  for  00001  ampere.  A  telephone  is  more  sensitive  and  i 
instrument  made  by  suspending  a  piece  of  soft  iron  at  an  angle  o(  ti 
as  invented  by  Lord  Rayleigh,  is  also  probably  more  sensitive. 

For  this  reason  I  have  introduced  here  many  new  methods,  depel 
ing  upon  adjusting  two  currents  to  a  phase-difference  of  90°  whid 
believe  to  be  a  new  principle.     Tliis  I  do  by  passing  one  current  throi 
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the  fised  and  the  other  through  the  suspended  coil  of  an  electrodj-namo- 
meter.  By  this  means  a  hfiavy  current  can  be  passed  through  the  fised 
coils  and  a  minute  current  through  the  movable  coil',  thus  multiplying 
the  sensitiveness  possibly  1000  times  over  tlie  zero  current  method. 

I  have  also  found  that  many  of  the  methods  become  veiy  simple  if 
we  use  mutual  inductances  made  of  wires  twisted  together  and  wound 
into  coils.  In  this  way  the  self  inductances  of  the  coils  are  all  practi- 
cally equal  and  the  mutual  inductances  of  pairs  of  coils  also  equal. 
Hence  we  have  only  to  measure  the  minute  difference  of  these  two  to 
reduce  the  constants  of  the  coil  to  one  constant,  and  yet  by  proper 
connections  we  can  vary  the  inductances  in  many  ratios.  Three  wires 
is  a  good  number  to  use.  However,  the  electrostatic  induction  between 
the  wires  must  be  carefully  allowed  for  or  corrected  if  much  greater 
accuracy  than  ^^  is  desired. 

By  these  various  methods  the  measurement  of  capacities  and  induc- 
tances has  been  made  as  easy  as  the  measurement  of  resistances,  while 
the  accuracy  has  been  vastly  improved  and  many  sources  of  error 
suggested. 

Relative  results  are  more  accurate  than  absolute  as  the  period  of  an 
alternating  current  is  difficult  to  determine,  and  its  wave  form  may 
depart  from  a  true  sine  curve. 

Let  self  inductances,  mutual  inductances,  capacities  and  resistances 
be  designated  by  L  or  /.  M  or  m,  C  or  c,  R  or  r  with  the  same  suffixes 
when  they  apply  to  the  same  circuit,  the  mutual  inductance  having  two 
suffixee.     Let  6  be  Stt  times  the  number  of  complete  periods  per  second, 

or  ft  =  2;m.     The  quantities  bL,  bM  or  ^^  are  of  the  dimensions  of 

resistance  and  thus  -—,  b*LC  or  b^MC  have  no  dimensions.     b'LM,  -^ 


or  71  have  dimensions  of  the  square  of  resistances. 

Where  we  have  a  mutual  inductance  M,„  we  have  also  the  two  self 
inductances  of  the  coils  ^,  and  Z.,.     When  these  coils  are  joined  in  the 
two  possible  manners,  the  self  inductance  of  the  whole  is 
L,  +  L,  +  2Jtf„ori,  +  L,-2.yf„. 

In  case  of  a  twisted  wire  coil  the  last  is  very  small.  Likewise 
LjLf  —  3/', J  will  he  very  small  for  a  twisted  wire  coil,  as  is  found  by 
multiplying  the  first  two  equations  together. 

If  there  are  more  coils  we  can  write  similar  equations.  For  three 
coils  wc  have 
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Z.,  +  i,  +  Z., + 2M„  +  2Ji„ + 2M^ 

Coimecting  them  in  pairs,  we  have  the  self  inductances 

i,4-A+2-af„  L,  +  L,  +  2M„  L,  +  I^+ZM„ 

L,+L,-ZM„  L,  +  L,—2M„  L,+  L^-2JU„ 

There  are  many  advantages  in  twisting  the  wires  of  the  standard 
inductance  together,  hut  it  certainly  increases  the  electrostatic  action 
between  the  coils.  This  latter  source  of  error  must  be  conatantly  in 
mind,  however,  and,  for  great  accuracy,  calculated  and  corrected  for. 
But  by  proper  choice  of  method  we  may  sometimes  eliminate  it, 

For  the  most  accurate  standards,  I  do  not  recommend  the  use  of 
twisted  wire  coils,  at  least  without  great  caution.  Bat  for  many  pur- 
poses it  certainly  is  a  great  convenience,  especially  where  only  so 
accuracy  of  one  per  cent  is  desired.  In  some  calculations  I  have  viiit, 
I  have  obtained  corrections  of  from  one  to  one-tenth  per  cent  two 
this  cause. 

For  twisted  wires  the  above  resolta  reduce  to  3L  +  63f,  3L — iU. 
Similar  equations  can  be  obtained  for  a  larger  number  of  wires.  Fot 
twisted  wire  coils,  n  wires  joined  abreast,  the  self  induction  ia 
i/-f[n— l)iH^  which  is  practically  equal  to  i  or  3f .     The  resistance 

is  B/n. 

When  we  have  n^p-\-m  wires  twisted  and  wound  in  a  coil  and « 
connect  them  p  direct  and  m  reverse,  the  resistance  and  self  inducti( 
will  be 

nR^  +  b'BlAC+BC—tiAB}  „    .  IPln(A  +  B)  — C-i+fABC 

(nW^i^m'  (nR)'  +  (bCy~—  • 

where  R  is  the  resistance  of  one  coil  and 

A=L  +{n-l)M 

B=L  -M 

C=nL  +  {4mp—n)M. 

This  gives  self  inductances  and  resistances  equal  or  less  than  L  and  J 
The  correction  for  electrostatic  induction  remains  to  be  pnt  in.    ¥a 
the  general  case,  the  equation  is  very  complicated  for  coils  abi 
with  mutual  inductances. 

The  number  of  mutual  inductances  to  be  obtained  is  M  for 
wires,  0,  M,  2M  for  three  wires,  0, 3f,  2M,  ZM  for  four  wires,  etc. 
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these  results  we  see  that  we  are  always  able  to  reduce  mutual  to  self 
inductance.  Measuring  the  self  inductance  of  a  coil  connected  in 
different  ways,  we  can  always  determine  the  mutual  inductances  in 
terms  of  the  self  inductances. 

Thus  we  need  not  search  for  methods  of  directly  comparing  mutual 
inductances  with  each  other,  although  I  have  given  two  of  these,  but 
we  can  content  ourselves  with  measuring  self  inductances  and  capaci- 
ties. Fortunately  most  of  the  methods  are  specially  adapted  to  the 
latter,  the  ratio  of  self  inductance  to  capacity  being  capable  of  great 
esactnees  by  many  methods. 

In  the  use  of  condensers  I  have  met  with  great  difficulty  from  the 
presence  of  electric  absorption.  I  have  lound  that  this  can  be  repre- 
sented by  a  resistance  placed  in  the  circuit  of  the  condenser,  which 
resistance  is  a  function  of  current  period. 

I  have  developed  Maxwell's  theory  of  electric  absorption  in  this 
manner.  Correcting  his  equations  for  a  small  error,  I  have  developed 
the  resistance  and  capacity  of  a  condenser  as  follows: 

Let  a  condenser  be  made  of  strata  of  thicknesses  Oi  a^,  etc.,  and 
specific  induction  capacities  ft,  k^  etc.,  and  resistances  p,  p„  etc.  Then 
we  have 

^=l'-§  +  ^-'^'«- 


etc. 

etc, 

Mr.  Penniman  has  experimented  in  the  Johns  Hopkins  University 
laboratory  with  condensere  by  method  S6  and  found  some  interesting 
reenlta.     With  a  mica  standard  condenser  of  ^  microfarad  he  was  not 
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able  to  delect  any  electric  absorption,  alibougb  I  hare 
of  the  too  re  accurate  methods  trill  shov  it. 

With  a  condenstrr  proVtably  of  wased  paper,  he  foand 
KmbFTdt  eomplete  Capocltr  in 

140 
32  0 
53-3 
ISll 


4-64 


tontttn 

1S96 
341 


4-96 
4d4 


The  first  value  of  the  capacity  seeme  to  be  id  error,  possibly  one  of 
calculation.  HoweTer,  the  result  seems  to  show  a  nearly  constant 
capacity  but  a  resistance  increasing  rapidly  with  decrease  of  period,  aa 
Maxwell's  formula;  show.  The  constant  value  of  the  capacity  remains 
to  be  explained. 

Mr.  Penniman  will  continue  the  investigation  with  other  condensers, 
liquid  and  solid,  as  well  as  plates  in  electrolytic  liquids. 

The  results  in  the  other  measurements  have  been  fairly  satisfactory, 
but  many  of  the  better  methods  have  only  been  recently  discovered  and 
are  thus  untried.  But  we  must  acknowledge  at  once  that  work  of  the 
nature  here  described  is  most  liable  to  error.  Every  alternating  cur- 
rent has,  not  only  its  fundamental  period,  but  also  its  harmonics,  so 
that  very  accurate  absolute  values  are  almost  impossible  to  be  obtained 
without  great  care.  To  eliminate  them,  I  propose  to  use  an  arrange- 
munt  nf  nvn  parallf!  circuits,  one  coiiTiiininir  a  rondensipr  nnd  the  other 
a  self-inductance,  each  with  very  little  resistance.  The  long  period 
waves  will  pass  through  the  second  side  and  the  short  ones  through  the 
condenser  side.  By  shunting  off  some  of  the  current  from  the  second 
side,  it  will  be  more  free  from  harmonics  than  the  first  one. 

However,  in  a  multipolar  dynamo,  especially  one  containing  iron, 
there  is  danger  of  long  period  waves  also,  which  this  method  might 
intensify.  A  second  arrangement,  using  the  condenser  side,  might 
eliminate  them.  However,  many  dynamos  without  iron  and  without 
too  many  poles  and  properly  wound  produce  a  very  good  curve  without 
harmonics,  especially  if  the  resistance  in  the  circuit  is  replaced  by  a 
self  inductance  having  no  iron.  These  remarks  apply,  only  to  absolute 
determinations.  Hatios  of  inductance,  self  and  mutual,  and  capacity 
are  independent  of  the  period,  and  thus  it  can  always  be  eliminated. 
Measurements  of  resistances  also  are  independent. 

But  there  are  other  errors  which  one  who  has  worked  with  continuous 


I 


IL 
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currents  may  fall  into.  Nearly  all  alternating  currents  generate  elec- 
tromagnetic waves  which  are  so  strong  that  currents  exist  in  every 
clo6ed  circuit  with  any  opening  between  conductors  in  the  Ticiuity. 

We  eliminate  thia  source  of  error  by  twisting  wires  together  and  other 
expedients.  But  in  avoiding  one  error,  we  plunge  into  another.  For, 
by  twisting  wires  we  introduce  electrostatic  capacity  between  them, 
which  may  vitiate  our  results.  Thus,  in  methods  23  or  24  for  com- 
paring mutual  inductances,  if  there  is  electrostatic  capacity  between 
the  wires,  a  current  will  flow  through  the  electro  dynamo  meter  in  the 
testing  circuit  and  destroy  the  balance. 

Various  expedients  suggest  themselves  to  eliminate  thia  trouble,  as, 
for  instance,  the  variation  of  the  resistance  A  in  the  above,  but  I  shall 
reserve  them  for  a  future  paper.  I  may  say,  however,  that  it  is  some- 
times possible,  as  in  method  13  for  instance,  to  choose  a  method  in 
which  the  error  does  not  exist. 

However,  with  the  best  of  methods,  much  rests  with  the  experimenter, 
SB  errors  from  electromagnetic  and  electrostatic  induction  are  added 
to  errors  from  defective  insolation  when  we  use  alternating  currents. 

These  errors  are  generally  le?9  than  one  per  cent,  however,  and  intel- 
ligent and  careful  work  reduces  them  to  less  than  this. 

The  following  methods  generally  refer  by  number  to  the  plate  on 
which  the  resistances,  etc.,  are  generally  marked.  One  large  circle 
with  a  small  one  inside  represent  an  electrodvTiamometer.  Of  course 
the  circuit  of  the  small  coil  can  be  interchanged  with  the  large  one. 
Generally  we  make  the  smaller  current  go  through  the  hanging  coil. 

By  the  methods  1  to  14,  we  adjust  the  electrodynamometer  to  zero 
by  making  the  phase  difference  in  the  two  coils  90°.  For  greatest 
sensitiveness,  the  currents  through  the  two' coils  must  be  the  greatest 
possible,  heating  being  the  limit.  This  current  should  be  first  calcu- 
lated from  the  impedance  of  the  circuit,  aa  there  is  danger  of  making 
it  too  great. 

In  the  second  series  of  methods,  15-36,  the  branch  circuit  in  which 
the  current  is  to  be  0  is  indicated  by  0. 

Besistances  in  the  separate  circuits  are  represented  by  R,  R',  R_,  etc., 
and  r,  r*.  r ,  etc.  Corresponding  self  inductances  and  capacities  in  the 
same  circuits  are  L,  L',  L,,  etc.,  and  I,  V,  I,,  etc.,  or  C,  C,  C„  etc.,  and 
e,  e',  c ,  etc,  ft  ^  2.Tn  where  n  is  the  number  of  complete  current  waves 
per  second. 

The  currents  must  be  aa  heavy  as  possible,  iV  ampere  or  more,  and  it 
ie  well  to  make  those  that  require  a  current  of  more  than  ^  ampere  of 
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larger  wire  freely  suspended  in  oiL  A  larger  current  can,  howBTCT,  1 
passed  through  an  ordinary  resistance  boi  for  a  second  or  two  withoi 
danger.  A  few  fixed  coarse  resistances  of  large  wire  in  air  or  oi!  wit 
ordinary  resistance  boxes  for  fine  fldjustment,  are  generally  all  t 
are  required.  Special  boxes  avoiding  electrostatic  induction  are,  ho* 
ever,  the  best,  but  are  not  now  generally  obtainable. 

In  some  methods,  such  as  8,  9,  10,  etc.,  we  can  eliminate  undesiraWe 
terms  containing  the  current  period  by  using  a  key  which  sudiienlj 
changes  the  connections  before  the  period  has  time  to  change  much. 

In  using  twisted  wire  mutual  inductances,  methods  7  and  12  i 
about  or  entirely  free  from  error  due  to  electrostatic  action  bettr 
the  wires.     In  all  the  methods  this  error  is  less  when  the  resistance  ( 
the  coils  is  least  and  in  33  and  24  when  A  ia  least.     In  method  S 
error  is  very  small  when  the  coil  resistances  and  R  are  small  and  r  gteS 
In  this  method  with  1  henry  and  1  microfarad  the  error  need  n 
exceed  1  in  1000.     Probably  the  same  remarks  apply  to  9,  10, 11,  i 
By  suitable  adjustment  of  resistances  in  the  other  method,  the  e 
may  be  reduced  to  a  minimum.     It  can,  of  course,  be  calculated  ■ 
corrected  for. 

An  electrodynamometer  can  be  made  to  detect  -OOCl  ampere  with 
making  the  self  inductance  of  the  suspended  coll  more  than  00 
henrys  or  that  of  the  stationary  coils  more  than  -0006  henrys,  I 
latter  coil  readily  sustaining  a  current  of  -^  amperes  without  rns 
heating. 

An  error  may  creep  in  by  methods  1-14  if  the  current  through  i 
suspension  is  too  great,  thus  heating  it  and  possibly  twisting  it. 
should  be  tested  by  short  circuiting  the  suspended  coil  or  varying  I 
current.     For  the  zero  method  it  is  eliminated  by  always  adJQS 
until  there  is  no  motion  on  reversing  the  current  through  one  coil. 

Inductances  containing  iron  introduce  harmonics  and  vary  with  e 
rent  strength.     Thus  they  have  no  fixed  value. 

Closed  circuits  or  masses  of  metal  near  a  self  inductance,  i 
it,  and  increase  the  apparent  resistance  which  effects  vary  with 
period.     Short  circuits  in  coils  are  thus  detected. 

Electrolytic  cells  act  as  capacities  which,  as  well  as  the  app* 
resistance,  vary  with  the  current  period.  They  also  introduce  1 
monies.     The  same  may  be  said  of  an  electric  arc. 

An  incandescent  lamp  or  hot  wire  introduces  harmonics  into 
circuit. 

Hysteresis  in  an  iron  inductance  acta  as  an  apparent  resistano 
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the  wire  almost  independent  of  the  current  period^  and  does  not^  of 
itself^  introduce  harmonics.  The  harmonics  are  due  to  the  variation 
of  the  magnetic  permeability  with  the  amount  of  magnetization. 

Electric  absorption  in  a  condenser  acts  as  a  resistance  varying  with 
the  square  of  the  period^  the  capacity  also  varying^  as  I  have  shown 
above. 

In  general  any  circuit  containing  resistances^  inductances  and  capaci- 
ties combined  acts  as  a  resistance  and  inductance  or  capacity,  both  of 
which  vary  with  the  current  period,  the  square  of  the  current  period 
alone  entering.  For  sjrmmetry  the  square  of  the  current  period  can 
alone  enter  in  all  these  cases  and  those  above. 

Hence  only  inductances  containing  no  iron  or  not  near  any  closed 
metallic  circuits  have  a  fixed  value.  The  same  may  be  said  of  con- 
densers, as  they  must  be  free  from  electric  absorption  or  electrolytic 
action  to  have  constants  independent  of  the  period.  There  is  no  ap- 
parent hysteresis  in  condensers  and  the  constants  do  not  apparently 
vary  with  the  electrostatic  force. 

The  following  numbers  indicate  both  the  number  of  the  method  and 
the  figures  in  the  plate,  p.  302. 

Method  1. 

r  _  lr(R,  +  R^)  +  R,^+R,)]  IR'iR^+RJ  +  R^iR.+R')} 
c  ~  (R,+R"  +  R,,y 

Method  2, 

Method  S. 
In  (1)  make  R!  =  R"  z=z  R^^  =  0  or  in  (2)  make  R'  =  i?^  =  0,  i?,,  =  oo , 

^'  =  rR! 
c 

In  case  the  circuit  r  contains  some  self  inductance,  I,  we  can  correct 
for  it  by  the  equation 

L' 

c 


''  =  ^^  (i  ^mil 


x^ 


£^ 


l>  MMboa*  1  ta  I«  InclBslTe  lb<  concratric  clrelei  .re  the  coiU  of  ih      I 

a.,..,..-.,,,.    Kikr ..,  u  tk.  .„j  „ii  „a  ,h.  „„,„  „.  j„  ; 

at  C4UU  ttan  It  >  coadcsMr 
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Method  ^. 

c  KK' 

Method  5. 

A  _  [R.  {R' + RJ  +  Rn  (H"  +  -g')]  [R'(R"  +  RJ  +  r(R'  +  J?")] 
T (R'  +  R")(R"T1Q 

Method  6. 

^  or ^=(R+R')(R"  +  r) 

We  can  correct  for  self  inductions,  U,  L"  in  the  circuits  R\  R"  by 
using  the  exact  equation 

v[lJ  {r^R')  4-  (^"-^y  /?  1  r  Z"  {R-^R)  +  R\L-^  V)  1  + 

RR'{r-\-R'){R-¥R)  =  0 
or  approximately 

+  etc. 

Method  7. 
R,R,M,,M,,-^b\L,M,,-^M^M,,'\  [4^„-.¥,.lfJ  =  0 

For  a  coil  containing  three  twisted  wires,  M^^  =  ^13  =  ^^iz  ^^^  the 
self  indtictions  of  the  coils  are  also  equal  to  each  other  and  nearly  equal 
to  the  mutual  inductions.     Put  an  extra  self  induction  L^  in  R^  and  a 

capacity  C,  in  R^.    Eeplace  Lg  by  L  +  L^  and  L^  by  L — -i^and  we 

can  write 

L,^L^M^  jl^jl^^yt  (i^M)  {L,^L-M). 

As  L  —  3f  is  very  small  and  can  be  readily  known,  the  formula  will 
life  ^-     When  L  —  M  =  0  we  have 

J-^  or  ^^  =  i?,/?3 

Method  8, 

V  M{M^h)  =  rR  2h'^P   =rR-{-(rRy 

or  y  iV(.¥-  L)  =  {rRy        2h'  LM  =  vR-  {rRy 
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Placing  a  capacity  in  the  circuit  B,  we  have  also 


vb'M{M-L) 


rR 


In  case  the  coil  is  wound  with  two  or  more  twisted  wires,  M  —  L  is 
Email  and  known.  For  two  wires,  M  —  L  is  negative.  For  three 
wires,  two  in  series  against  the  third,  M  can  he  made  nearly  equal  to 
ZL.  Hence  M,  L  and  C  can  be  determined  absolutely,  or  C  in  terms 
of  a  or  vice  versa. 

To  correct  for  the  self  induction,  /,  or  r  we  have  the  exact  equations 

h'MiM+  L)=Tn  +  b'l(L+  .¥) 

b'MiM~L)=rIt+l^l{L-H) 


ifM{M+L)- 


=  rR  +  b'llL  +  M- 


L+k 

c 


b'M(M-L)  +  ^  = 
the  condenser  is  put  in  r,  we  have 

rJi-b'MiL  +  M) 
rR  +  b*M(L-M) 
Metliod  9. 


M 

-  R'  =  r  ve  b 


M 


b'L'M-^,  =  R,(r  +  R^) 


or  —  b'L'M  + 
Making  fl"  =  oo  a; 

-  b'L'M+  ^ 
Taking  two  observations  we  can  eliminate  h'L'M  and  we  have 

Knowing  L'M  we  can  find  C.  Throwing  out  C  (i.  e.,  making  it 
i»)  we  can  find  VL'M  in  absolute  measure:  then  put  in  0'  and  find  its 
value  as  above. 

To  correct  for  self  induction  in  R„  we  have  for  case  fi"  =  qo  ,  the 
exact  equation 
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b^L'M^^,  =  B,  (r  +  B,)  +  b^ir  +  L,^M'\L,^  ^i 

The  correction,  therefore,  nearly  vanishes  for  two  twisted  wires  in  a 
coil  where  L'  —  M  =  0  and  C  is  taken  out. 

■ 

Method  10, 

-Wif+^ory/M-^= 
c  c 

[ii'+iy'-fX+ltj' 

This  can  be  used  in  the  same  manner  as  9  to  which  it  readily  reduces. 
But  it  is  more  general  and  always  gives  zero  deflection  when  adjusted, 
however  M  is  connected.    To  throw  out  G  make  it  oo . 

Method  11. 


c 
L^  M 


=  rR-¥V{l^M){L-'  M) 
=  rR-^V{l-{-  M){L-¥  M) 


c 

For  the  upper  equation  the  last  term  may  be  made  small  and  the 
method  may  be  useful  for  determining  L  —  M  when  c  is  known. 
Method  8,  however,  is  better  for  this. 

Method  12. 

r  _R-\-R 
I  ~      r 
Should  the  circuits  R  and  r  also  have  small  self  inductances,  L  and  I, 
we  can  use  the  exact  equation 

^  "  rlt 
When  L*  and  I  are  approximately  known,  we  can  write  the  following, 
using  the  approximate  value  on  the  right  side  of  the  equation 
L'      R  +  Rr,    ,   Lr      L      r       .  h'Ll 


I  r 

Taking  out  L'  and  putting  a  condenser,  C,  in  i^  we  have 

~^,  =  rR-bHCR(R-hR) 

For  a  condenser,  R  can  be  small  or  zero. 
20 


w 


Henry  A.  Rowland 


<^>[^^"-r^'T= 


[R^jr-RX^iK  (r+R.y+R.jr+il")'] 


ThiB  determines  capacities  or  self  inductions  in  absolute  value.  Ae 
described  above,  mutual  induction  can  also  be  determined  by  convert- 
ing it  into  self  induction. 

(C)  [bL-  '  1'  =t'''«.-*"^J[«,(y--B':)+-»,.(''+'',)] 


[--i]'  = 


Method  lit- 


I 


Of  course,  in  any  of  these  equations,  metliods  13  or  14,  L"  is  elimi- 
nated by  making  L"  ^0  or  tlie  condenser,  C,  is  omitted  l>y  maliing 


„  or  /i'L,Jj"  or  —  , 


+  g"l--B";i,g"fl„, 


'%■" 


When  J!„, 

i,  _  K'ii,AB"-ni"')-  irnx' 


„,  „„     /(„,ff"'ff,-fl'ff„(ff,+fl,„) 


(T 


fv(  = 


~?r^ 


:  «•«  , 


[R"'R-irnj 


tfL,C"  = ' 


-  ^..^,„ 

If  we  adjust  by  continuous  current,  we  shall  have  R"'R^ — fi'K„^0, 
For  a  condenser  we  can  made  R"  =  0  provided  there  is  no  electric 
absorption.  In  this  case  b'L,C"  is  indeterminate  and  we  can  adjust 
to  find^Ti.     However,  two  simultaneous  adjustments  are  required. 

But  I  have  shown  that  the  presence  of  electric  absorption  in  a  con- 
denser causes  the  same  effect  as  a  resistance  in  its  circuit,  the  resist- 
ance, however,  varying  with  the  period  of  the  current.    Hence  R"  must 
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include  this  resistance.  However,  the  value  of  R^  will  not  affect  the 
first  adjustment  much  and  so  the  method  is  easy  to  work.  If  it  is 
sensitiTe  enough  it  will  be  useful  in  measuring  the  electric  absorption 
of  condensers  in  terms  of  resistance. 

It  has  the  advantage  of  being  practically  independent  of  the  current 

period  for  ^  as  it  should  be. 

For  comparison  of  capacities  the  same  simplification  does  not  occur. 
Indeed   the  method  is  of  very  little  value  in  this  case,  being  sur- 
passed by  16. 

Method  16. 

The  first  equation  is  satisfied  by  adjusting  the  Wheatstone  bridge  so 
18  to  maJce 

(,R,Rr'—R,.B!)  =0    i?/'-7?y =0     R,  (J?,+r")  -i?,,  (/?  +  /)=<) 

That  is 

We  can  then  adjust  T7  with  alternating  currents.  This  is  a  very 
good  method  and  easy  of  application  but  requires  many  resistances  of 
known  ratio.  Many  of  these,  however,  may  be  equal  without  disad- 
^wnta^e.      A  well  known  case  is  given  by  making  /  and  r"  =  0. 

rg\  By  placing  self  inductions  or  condensers  in  R^  and  r"  instead 
of  the  above  we  have  the  following 


( W+r'+r")  (R,R"-R„R')+  WjR/'-Ry) 
— — W+T?' 

Making  ^^  =  0  we  have 

""  or  -  S'i  c"  or  ^'  -  ^^'C.^'  ^ 
-^  or  —  e?  ij^c  or  -^„ ^, 

-     1,  or  ^i  or  -  VLr=  R!R., + r'R,, {\^^^-''^{R,W- R'R,) 
II  case  we  adjust  the  bridge  to  R^W  —  RfR,,^=0  and  a  condenser 
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ifl  in  r"  80  that  we  can  make  r"  =  0,  the  value  of  — b*L,c"  will  be  ini 
terminate  and  we  can  finil  ^j  by  the  adjustment  of  W  alone. 

This  is  an  excellent  method,  apparently,  ae  only  one  adjuetment  is 
required. 

However,  see  the  remarks  on  method  15.  This  preaent  method 
f"  =  0  for  -  is  Andereou's  with,  however,  altemating  currente  instead 
of  direct  as  in  his. 

The  other  two  values  are  imaginary  in  this  case.  Indeed  the  whole 
metliod,  B,  is  only  of  special  value  for  — ,  as  two  adjustmente  are  needed 
for  the  others. 


('I) 


Method  17. 

b-UL'=  R,R'  -  R„S 
L'  _]!'  +  II,+  R"+R„ 

Tt n. 


J 


By  this  method  the  self  induction  of  the  mutual  induction  coil  is 
eliminated.     But  it  is  difficult  to  apply,  as  two  resistances  must  be 
adjusted  and  the  adjustment  will  only  hold  while  the  current  periotfl 
remains  constant.     The  same  remarks  apply  to  B  and  C  following.       ■ 


b'ML'  -. 


rir+Ji., 


I'        WIR'  +  R- 


R"- 


(C)  ir=a 


RiE'  +  R,  +  R"  +  fl„)  +  (R  +  R,){R"  +  «„) 


Method  18. 
R,R"  -  R'R,,  = 


iJ'  +  fl" 


L'  and  M'  belong  to  the  same  coil.    By  adjusting  the  Wheatstone 
bridge  first,  TF  can  then  be  afterwards  adjusted. 
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To  find  the  ratio  for  any  other  coil  independent  of  the  induction  coil, 
we  can  first  find  -j™  as  above.     Then  add  L  to  the  same  circuit  and  we 

can  find  — i/— •    Whence  we  can  get  L,     This  seems  a  convenient 

method  if  it  is  sensitive  enough,  as  the  value  of  -^y,  should  be  accurately 
known  for  the  inductance  standard. 

Method  19. 
L'      R±R,      ^.m^M'll     ,   ,\      R  +  B,      R'R^^^R'RJl    ,.\ 

y=-v-'~*  — p— U  +  ^j  =  -7-' 'rR;r~\M'^^) 

This  is  useful  in  obtaining  the  constants  of  an  induction  standard. 
For  twisted  wires  Ul  —  M^  should  be  nearly  0,  depending,  as  it  does, 

on  the  magnetic  leakage  between  the  coils,  -y^is  often  known  suffi- 
ciently nearly  for  substitution  in  the  right  hand  member.  It  can, 
however,  be  found  by  reversing  the  inductance  standard. 

Method  20, 
RR^^-'R!'R^  =  0 

L'  any  value. 

In  case  of  a  standard  inductance,  M  and  L  are  known,  especially 
'  when  the  wires  are  twisted. 

The  method  can  then  be  used  for  determining  any  other  inductance, 
i'  and  is  very  convenient  for  the  purpose. 

R  and  R^  4-  R^^  are  first  calculated  from  the  inductance  standard. 
The  Wheatstone  bridge  is  then  adjusted  and  W  varied  until  a  balance 
]g  obtained.  This  balance  is  independent  of  the  current  period,  as  also 
in  the  ne:i:t  two  methods. 

Method  21. 
RR^^  -  RTR^  =  0 

—  =-"227"^' 18^-      rR/    ^T~      r      ^^^' 


w  This  is   ^iven^s  method  adapted  to  alternating  currents.     See  re- 
Ltrks  to  method  20. 


MMod  S2. 


--n,R'-; 


I'". 


R"  (jf + n,) 
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Methods  20  and  21  are  specially  useful  when  one  wishes  to  aet  up  an 
apparatus   for  measuring  self   induction,  as   the   resistances   R',   R", 

LR^,  R„  can  be  adjusted  once  for  all  in  case  of  a  given  induction  standard^ 
and  only  W  or  r  need  be  varied  afterwards. 


l"_b:+s, 

This  is  Carey  Foster's  method  adapted  to  alternating  currents  and 
changed  by  making  R"  finite  instead  of  zero. 

The  ratio  oi  R'  -\- R ,  to  R,  is  computed  from  the  known  value  of 
the  induction  standard.  R"  is  then  adjusted  and  C"  obtained.  In 
general  the  adjustment  can  be  obtained  by  changing  R,  and  R".  The 
adjustment  is  independent  of  the  current  period. 


I 


Mr-L'K 


hR'  +  ll, 


If  we  make  B  ^  0  we  have 


l/mV  =  rS, 

jr_r+te+s, 


i 


This  method  requires  two  simultaneous  adjustments.  M  must  also 
be  greater  than  m.  As  M  and  L'  belong  to  the  same  coil,  we  can  con- 
sider this  method  as  one  for  determining  m  in  terms  of  the  M  and  L'  of 
some  standard  coil. 

The  resistance,  A,  can  be  varied  to  test  for,  or  even  correct,  the  error 
due  to  electrostatic  action  between  the  wires  of  the  induction  standard. 


Mtthod  Si. 
M       r'(r+R^  +  R) 


This  is  a  good  method  for  comparing  standards.  We  first  detenniDe 
-^  for  each  coil  by  one  of  the  previous  methods.  Then  we  can  calcu- 
late -(  and  adjust  the  other  resistances  to  balance. 

It  is  independent  of  the  period  of  the  current  and  suitable  for  stand- 
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irdfl  of  equal  as  well  as  of  different  values^  as  the  mutual  inductances 
can  haye  any  ratio  to  each  other. 

For  twisted  wire  coils  r^  =  r'  very  nearly.  See  method  23  for  the 
use  of  the  resistance^  A. 

Method  25. 

In  Fig.  6  remove  the  shunt  R'  and  self  induction  L. 

This  method  then  depends  upon  the  measurement  of  the  angular 
deflection  when  a  self  induction  or  a  capacity  is  put  in  the  circuit  of 
file  Bnuill  coil  of  the  electrodynamometer  and  comparing  this  with  the 
deflection^  when  the  circuit  only  contains  resistance. 

The  resistance  of  the  circuity  r^  is  supposed  to  be  so  great  compared 
with  £  that  the  current  in  the  main  circuit  remains  practically  un- 
altered during  the  change. 

There  is  also  an  error  due  to  the  mutual  induction  of  the  electro- 
^namometer  coils  which  vanishes  when  r  is  great. 

^  or  yP  =  i?' [r  +  i?"]  [r^  A  _  !:^] 

These  formulas  assume  that  the  deflection  is  proportional  to  6.  This 
MMmption  can  be  obviated  by  adjusting  d  =  0'  when  we  have 

1  or  i^F  -  ^i±J^li!:£-^rK} 

¥? j^ 

These  can  be  further  simplified  by  making  i^"  =  R/\ 
The  method  thus  becomes  very  easy  to  apply  and  capable  of  con- 
siderable accuracy.    As  the  absolute  deteimination  depends  on  the 
cnrrent  period,  however,  no  great  accuracy  can  be  expected  for  absolute 
vahies  except  where  this  period  is  known  and  constant,  a  condition 
almost  impossible  to  be  obtained.     The  comparison  of  condensers  or  of 
mdnctances  is,  however,  independent  of  the  period  and  can  be  carried 
cat,  however  variable  the  period,  by  means  of  a  key  to  make  the  change 
fostantaneously. 

Method  26. 

Similar  results  can  be  obtained  by  putting  the  condenser  or  induc- 
tance in  R"  instead  of  r,  but  the  current  through  the  electrodynamo- 
neter  gnspension  is  usually  too  great  in  this  case  unless  r  is  enormous. 
We  have  in  this  case  for  equal  deflections, 

^  or  *•£"•  =  R'  (R"  +  r)  (^-^jf^) 

here  r  and  Jtj^  ^^^  ^^®  resistances  without  condenser  or  self  induction. 
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This  is  a  very  good  method  in  mauy  respects. 

For  UBing  35  and  36,  a  key  to  make  iiiEtaiitaDeous  change  of  conn^- 
tions  is  almost  neeeasarj-. 

To  measure  resistance  by  alternating  currents,  a  Wheatatone  bridge 
is  often  used  with  a  telephone. 

I  propose  to  increase  the  sensitiveness  of  the  method  hy  using  ay 
method  of  passing  a  strong  current  through  the  fixed  coils  of  mi 
electrodynamoraeter  while  the  weaker  testing  current  goes  through  the 
suspended  system. 

Using  non-inductive  resietanees,  methods  10.  13  A,  B,  C.  and  lisU 
reduce  to  proper  ones.  10  or  14  is  specially  good  and  I  have  no  doubt 
will  be  of  great  value  for  liquid  resistances.  The  liquid  resistances 
must,  however,  be  properly  designed  to  avoid  polarization  errors.  Tie 
increase  of  accuracy  over  using  the  electrodynamometer  in  the  usual 
manner  is  of  the  order  of  magnitude  of  1000  times. 

Since  writing  the  above  I  have  tried  some  of  the  method,  eepecidlj 
6  and  13,  with  mucli  satisfaction.  By  the  method  13,  results  to  1  in 
1000  can  be  obtained.  Replacing  L'  by  an  equal  coil,  the  ratio  of  fte 
two,  all  other  errors  being  eliminated,  can  be  obtained  to  1  in  10,001^ 
or  even  more  accurately. 

The  main  error  to  be  guarded  against  in  method  12,  or  any  otiw 
where  large  inductances  or  resistances  are  included,  arises  from 
ing  the  wires  leading  to  these.  The  electrostatic  action  of  the  les^ 
or  the  twisted  wire  coils  of  an  ordinary  resistance  bos,  may  cause 
of  several  per  cent.  Using  short  small  wire  leads  far  apart,  the  enoi 
becomes  very  small. 

Method  6  is  also  very  accurate,  but  the  electric  absorption  of  tlH 
condensers  makes  much  accuracy  impossible  unless  a  series  of 
ments  is  made  to  determine  the  apparent  resistance  due  to  this  cv 

In  method  12  I  have  not  yet  detected  any  error  due  to  twisting 
wires  of  coils  I.  However,  the  electrostatic  action  of  twisted  wire  c 
is  immense  and  the  warning  against  their  use  which  I  have  given  abOT 
has  been  well  substantiated  by  erperiraent.  Only  in  case  of  low  real 
ances  and  low  inductances  or  in  cases  like  that  just  mentioned  ia  if 
be  tolerated  for  a  moment.  Connecting  two  twisted  wires  in  a  coil  i 
series  with  a  resistance  between  them,  I  have  almost  neutralized  fi 
self  induction,  which  was  one  henry  for  each  coil  or  four  henrys  t 
them  in  series! 

Altogether  the  results  of  experiment  justify  me  in  claiminEt  tb 
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these  methods  will  take  a  proraiueat  place  in  electrical  measurement, 
eBpccially  where  fluid  resislancea,  inductances  and  capacities  are  to  be 
measured.  They  also  seem  to  me  to  settle  the  question  as  to  standard 
inductances  or  capacities,  as  inductances  have  a  real  constant  which  can 
now  be  compared  to  1  in  10,000,  at  least. 

The  new  method  of  measuring  liquid  resistances  with  alternating 
currents  allows  a  tube  of  quite  pure  water  a  meter  long  and  6  mm. 
diameter  having  a  resistance  of  10,000,000  ohma  to  be  determined  to  1 
in  1000  or  even  1  in  10,000.  The  current  passing  through  the  water 
is  very  small,  being  at  least  500  times  less  than  that  required  when  the 
bridge  is  used  in  the  ordinary  way.  Hence  polarization  scarcely  enters 
ataU. 

It  ia  to  be  noted  that  all  the  methods  15  to  24  can  be  modified  by 
passing  the  main  current  through  one  coil  of  the  electrodynamometer 
&nd  the  branch  current  through  the  other.  The  deflection  will  then  be 
zero  for  a  more  complicated  relation  than  the  ones  given.  If,  however, 
one  adjustment  ia  known  and  made,  the  method  gives  the  other  equa- 
tion. 

Thus  method  18  requires  R,R" — R'R^^^^Q.  Hence,  when  this  is 
satisfied  we  must  have  the  other  condition  alone  to  be  satisfied.  Also  in 
method  22j  when  we  know  the  ratio  of  the  self  and  mutual  inductances 
in  the  coil,  the  resistances  can  be  adjusted  to  satisfy  one  equation  while 
the  experiment  will  give  the  other  and  hence  the  capacity  in  terms  of 
the  inductances. 

Again,  pass  a  current  whose  phase  can  be  varied  through  one  coil  of 
the  electrodynamometer,  and  the  circuit  to  be  tested  through  the  other. 
Vary  the  adjustments  of  resistances  until  the  deflection  is  zero,  how- 
ever the  phase  of  current  through  the  first  coil  may  be  varied. 

The  best  methods  to  apply  the  first  modification  to  are  15  A,  IS  A 
and  B,  18,  20,  21,  23  and  24.  In  these,  either  a  Wheatstone  bridge  can 
be  adjusted  or  the  ratio  of  the  self  and  mutual  inductances  in  a  given 
coil  can  be  assumed  as  known  and  the  resistances  adjusted  thereby. 

The  value  of  this  addition  is  in  the  increased  accuracy  and  sensitive- 
Dees  of  the  method,  an  increase  of  more  than  one  hundred  fold  being 
Bfisored. 

As  8  standard  I  recommend  two  or  three  coils  laid  together  with  their 
inductances  determined  and  not  a  condenser,  even  an  air  condenser. 
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In  a  previous  article '  mention  was  made  of  some  work  then  \x 
carried  on  at  the  Johns  Hopkins  University  to  test  the  methods 
the  measurement  and  comparison  of  self -inductance,  matnal  Inductano 
and  capacity  there  described. 

In  the  present  paper,  there  will  be  given  an  account  of  the  eipM 
ments  performed  with  some  of  the  methods  described  in  the  preriol 
article,  together  with  a  method  for  the  direct  measurenient  of 
effect  of  electric  absorption  in  terms  of  resistance. 

The  methods  that  were  tried  were  85,  26,  9,  3,  12  and  G. 

Apparatus 

Description    of   the   Eitdrodynamomeier,    Dynamos,    Coils,    Condttati 
Resistances  and  Conntctions  vsed  xn  the  Experiments 

Eltctrodynamomtter. — The  elecirodynamometer  was  one  co! 
at  the  University,  having  a  sensitivenese,  with  the  coils  in  series,  A 
scale  division  deflected  for   0007  ampere. 

The  hanging  coil  was  made  up  of  240  turns  of  No.  34  copper  win 
and  S  gauge.  The  coil  was  suspended  by  a  bronze  wire  connected 
one  terminal  of  the  coil.  The  other  terminal  of  the  coil  was  a  loof 
«-ire  banging  from  the  bottom  of  the  coil  and  attached  to  the  side 
the  case;  both  the  suspension  and  tlie  loop  were  brought  out  to  hint 
posts.     The  resistance  of  the  coil  with  suspension  was  217  ohms. 

The  fixed  coils  were  made  up  of  300  turns  each  of  No,  30  B 
gauge  copper  wire.     The  coils  were  wound  on  cup-shaped  metal  foB   ' 
and  soaked  in  a  preparation  of  wai.     The  form  was  then  removed  • 
the  coils  placed  a  radius  apart  as  in  the  arrangement  of  Helmholti.      V 

DyHrttnos.^There  were  two  dynamos  used,  a  Westinghouse  ill 
nator.  and  a  small  alternating  dvnamo  constructed  at  the  Univerrf     H 

■Thti  Joanial,  It.  p.  43».  Decsntwt.  1S9T;  Ptilloaophleal  M^giilue.  JkaaaiT.  l4^| 
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The  Westinghouse  dynamo  was  one  having  10  poles  so  that  each  revo- 
lution of  the  armature  produced  5  complete  periods.  The  period  of 
this  dynamo  was  determined  by  taking  the  time  of  lUOO  revolutiona  of 
the  armature.  This  was  accomplished  by  having  the  armature  make 
AH  electric  connection  with  a  bell  every  200  revolutions  and  taking  the 
time  of  5  of  these.  The  taking  of  the  speed  during  every  eiperimeot 
gave  more  regular  results,  as  the  speed  was  constantly  changing,  the 
dynamo  being  run  by  the  engine  in  the  University  power-house  when  it 
was  subject  to  great  change  of  load.  This  dynamo  had  a  period  of 
about  132  complete  periods  per  second. 

For  the  production  of  a  current  of  less  period  than  that  of  the  West- 
inghouse, the  small  alternator  conatructea  at  the  University  was  used. 
This  dynamo  was  run  by  a  small  continuous  Sprague  motor.  The  arma- 
ture of  the  small  alternator  consisted  of  8  coils,  which  coils  were  fas- 
tened flat  on  a  German  silver  plate,  the  plate  revolving  between  8  field 
pieces  producing  4  poles.  The  object  of  having  the  coils  of  the  anna- 
ture  on  a  metal  plate  was  to  secure  a  nearly  constant  speed.  The  metal 
plate  produced  a  load  that  varied  as  the  velocity  and  due  to  induced 
■currents  in  the  plate.  The  varying  load,  depending  on  the  velocity  of 
the  moving  plate,  produced  a  nearly  constant  speed,  which  rendered 
unnecessary  the  constant  taking  of  the  speed.  When  this  dynamo  was 
used,  the  speed  was  only  determined  two  or  three  times  during  a  series 
■of  readings  or  experiments.  The  average  of  these  determinations  was 
taken  as  the  speed  during  the  whole  series  of  experiments  under  con- 
sideration. 

CoHs.—The  coils  whose  inductances  were  determined  were  all  made 
in  the  same  way,  being  wound  on  a  metal  form  and  soaked  in  a  prepa- 
ration of  wax.  When  the  wax  was  hard  the  metal  form  was  removed. 
This  enabled  the  coils  to  be  placed  close  together,  as  their  sides  were 
flat  and  smooth.  The  coils  all  had  the  same  internal  and  external 
diameter,  but  their  width  varied,  that  being  determined  by  the  number 
of  turns  that  were  desired. 

Coils.  P,.  External  diameter  35-46  cm.,  internal  diameter  23-8 
cm.,  was  made  up  of  about  1200  turns  of  No.  IG  B  and  S  gauge  single 
■covered  cotton  copper  wire,  roughly  wound ;  the  turns  were  not  smooth; 
self-inductance  as  finally  determined  -566  henry. 

Pf.  Same  dimensions.  Turns  were  put  on  evenly.  The  number 
«f  turns  was  1300  of  No.  16  B  and  S  single  covered  cotton  copper  wire. 
Self-inductance  -724  henry. 

A.  Same  internal  and  external  diameters  as  P.  but  the  width  was 
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4-3  cm.     Number  of  turns  3700  No.  20  B  and  S  gauge  single  covere 
cotton  copper  wire.     Self-inductance  as  determined  5-30  henrys. 

B^  £,.     This  coil  was  made  by  winding  two  wires  in  parallel  and  i] 
four  of  the  terminals  brought  out  to  binding  posts.     Thus  the  co3 
could  be  used  as  two  single  coils,  when  the  coils  will  be  denoted  bj  tb 
symbols  B,  and  £j  as  the  case  may  be,  or  as  a  single  coil,  the  coils  J] 
and  B^  being  joined  up  in  series  or  in  parallel.     The  dimensions  of  tlM 
coils  B,  Bj  were  the  same  as  .4.     Each  of  the  coils  B,  and  . 
made  up  of  1600  turns  of  No.  22  B  and  S  single  covered  cotton  Doppa 
wire.     The  self-inductance  of  these  coils  taken  separately  when  ct 
pared  with  P,  which  was  determined  absolutely,  was  nearly  1  hen 
On  this  account  B  was  taken  as  being  1  henry,  and  the  other  coil*  w 
compared  with  it  as  a  standard. 

C.  Same  dimensions  as  P,.  Number  of  turns  1747  of  No.  82  B  t 
B  single  covered  cotton  copper  wire.  Self -inductance  as  detennii 
1-30  henrys. 

Condensers. — 2  and  3.  Two  paraffined  paper  condensers  that  bad 
capacity  of  2  and  3  microfarads  respectively. 

jd  Troy.  A  Jd  microfarad  standard  mica  condenser  built  by  ti 
Troy  Electric  Co. 

Jd  Elliott.  A  Jd  microfarad  standard  mica  condenser  built  by  EQll 
Bros. 

Resistances. — The  resiBtanceB  used  in  the  experiments  were  of 
kinds,  those  wound  with  double  wire  so  as  to  have  no  self-indudxa 
as  the  onlinary  resistance  bos,  and  those  wound  on  frames  or  e. 
which  had  some  email  self -inductance,  but  almost  no  electroel 
capacity.  The  resistances  which  had  self-inductance  are  called  < 
resistances  to  distinguish  them  from  resistance  boxes,  and  were 
different  kinds  and  dimensions. 


Sources  of  Error  and  Experimental  Difficulties 

In  all  work  with  alternating  currents  there  are  two  great  sourcea 
error  that  have  to  be  guarded  against.  These  are  the  errors  that  i 
arise  from  the  inductance  of  one  part  of  the  apparatus  on  another, 
for  example,  the  direct  induction  of  a  coil  in  the  circuit  on  the  c 
of  the  electrodynamometer,  and  the  effect  of  the  electrostatic  cap* 
of  the  lends  and  connections.  In  connecting  the  coils  great  carel 
to  be  taken  to  avoid  the  effect  of  electrostatic  action  of  the  leac 
oonnrctions.     For  if  there  was  a  current  of  very  considerable  e 
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tilde,  the  difference  of  potential  between  the  terminals  of  the  coil 
might  be  great.  If  the  connections  under  these  circumstances  were 
made  with  double  wire,  as  is  customary,  a  great  error  was  introduced 
due  to  the  electrostatic  capacity  of  the  leads.  The  error  was  sometimes 
as  much  as  7  per  cent  (see  method  24).  This  error  could  be  shown  to 
be  due  to  the  electrostatic  action  of  the  leads  by  shifting  a  resistance  in 
circuit  with  the  coil  in  question  from  one  end  of  the  double  wire  to 
the  other  .  The  effect  of  this  was  to  still  further  increase  the  difference 
of  potential  between  the  leads,  and  this  increased  the  error.  Experi- 
ments of  this  character  showed  the  necessity  of  using  open  leads  and 
open  resistances  having  little  or  no  capacity  in  all  cases  in  which  the 
coils  experimented  on  and  the  resistance  boies  used  in  their  detennina- 
tion  have  a  current  of  any  considerable  magnitude  passing  through 
them.  In  several  of  the  following  methods  constancy  of  current  was 
necessary.  This  was  accomplished  by  variona  means  that  will  be  de- 
scribed in  their  actual  application. 

Methods 

The  methods  that  were  tried  were  25,  26,  9,  3,  12  and  6  described  in 
this  Journal,  December,  1897.' 

Method  25. — Method  of  equal  deflections.  Absolute  method  for  the 
determination  of  self-inductance  or  capacity  in  terms  of  electromagnetic 
units. 

In  this  method  the  hanging  coil  is  shunted  off  the  fixed  coils  circuit, 
and  this  with  a  non-inductive  resistance  in  circuit  with  the  hanging 
coils  is  made  the  same  as  that  of  a  certain  inductive  resistance  in  cir- 
cuit with  the  hanging  coil.  The  connections  are  made  as  in  the  Figs. 
1,  8,  where  C,i"'t,  C,c'im+*ii,  C.^'^w+w  are  currents.  R,  R',  r,  resist- 
ances. They  represent  the  entire  resistance  of  their  respective  branches. 
L  represents  self-inductance  of  the  coil  by  which  it  is  placed.  The 
outer  circle  in  Fig,  1  represents  the  fixed  coils  and  the  small  circle  the 
hanging  coil  of  the  electrodynamometer.  In  Fig.  2  the  terminals  of 
the  fixed  and  hanging  coils  are  represented  by  F  and  H.  P  is  a  revers- 
ing commutator.  ^  is  a  key  to  send  the  current  first  through  the 
inductive  and  then  through  the  non-inductive  resistance.  6^2:7n, 
K  =  complete  alternations  per  see.  This  is  the  general  notation  adopted 
Uiroughout  the  article. 

>Pbil.  Mig;.,  JaDuary.  1898. 


The  quantity  to  be  found  is  CqC,  cob^i,  which  is  propertioo) 
tha  daflaetioii  of  the  hanging  coil  in  the  two  positions  of  K. 
£il  QM  position 


f;«w 


i4 


Therefore 

In  the  other  position  of  Ji 
Thewfoi* 
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^=  O,  as  ^  is  ftu  angle  whose  tangent  is  ■„,  and  C  =  0  nearly.    In  the 
case  of  equal  deflection  D^D'  and  therefore 

If  capacity  had  been  used  in  the  place  of  self-inductance  the  formula 
would  be 

If  self-inductance  and  capacity  were  used  in  series 

S'(i-^)'  =  (fl'-il)(«+r) 

The  application  of  this  formula  to  the  meaBurement  of  self-induc- 
tance gave  Teeults  that  agreed  to  within  the  accuracy  with  which  the 
period  of  the  alteraatioEB  could  be  determined.  That  is,  the  results 
agreed  to  within  about  1  per  cent.  In  the  determination  of  L  the 
vesistance  in  circuit  R  was  varied  from  the  least  possible  resistance  as 
determined  by  the  coils  up  to  1000  ohms  and  more,  and  the  self- 
indnctanee  was  determined  under  these  various  conditions.  These 
zCffolts  agreed  among  themselves,  and  were  apparently  independent  of 
resistance  in  circuit  with  it.  In  the  application  of  this  method  to 
determination  of  capacity,  however,  great  trouble  was  encountered, 
the  capacity  apparently  varied  both  with  the  resistance  in  circuit 
it  and  with  the  period.  This  variation  was  regular  for  each  period, 
ralue  derived  depending  on  the  resistance  in  circuit.  This  irregu* 
ity  of  derived  value  of  the  capacity  led  to  the  investigation  and 
elopment  of  Maxwell's  formula  on  the  effect  of  absorption,  a  neces- 
characteristic  of  heterogeneous  substances. 
When  the  formula  was  deduced,  aa  may  be  seen  in  the  article  already 
Teired  to,  the  absorption  comes  in  as  an  added  resistance,  the  resist- 
being  constant  for  a  given  period.  By  an  inspection  of  the  results 
ua  was  found  to  be  the  case.  The  finding  of  the  resistance  due  to 
irption  in  this  method  is  one  of  approximation,  hut  the  values 
;ed  compare  very  favorably  with  those  determined  by  direct  meas- 
iteat,  BS  will  be  seen  later  when  various  results  are  collected.  In 
actnal  ezperimenta  the  condensers  used  were  two  paraffined  paper 
lensers  of  ahout  2  and  3  microfarads.  The  currents  used  had 
lent  periodB,  as  seen  in  the  table  following,  where  n  =  133,  53-3, 
'  and  14. 
ie  procesB  was  to  place  in  the  condenser  circuit  a  resistance  R,  and 
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then  to  move  the  key  K  back  aod  forth  until  R'  was  found  that  ga"we 
the  same  deflection.     D,  Fig.  2,  was  now  reversed  and  the  process 
repeated.     This  was  repeated  with  diEEerent  values  of  R  and  n  and  the 
apparent  capacity.     This  gave  great  variation  of  apparent  capacity  w 
different  values  of  B,  which  should  not  be  the  cage,  and,  theref( 
gave  a  means  of  finding  the  resietance  due  to  absorption  or  ahsorptio 
resistance,  as  we  will  designate,  by  approximation.     As  the  effect 
absorption  is  a  resistance  it  is  possible  to  find  what  resistance,  if  addtd 
to  R,  will  make  all  the  values  of  the  capacity  as  determined  for  tin 
different  values  of  R  the  same.     Therefore  it  should  be  the  same 
any  two  values  of  R.     Calling  the  two  values  of  fl  in  the  two  cb 
Ri  and  R^  respectively  and  the  two  corresponding  values  of  R',  B,',  i 
R^,  and  let  A  be  the  added  resistance  due  to  absorption,  the  capai 
should  be  the  same  in  the  two  cases,  or 

jl  =[ij;-(y?,  +  ^)][7?,  +  ^  +  r]  =  [7?i~(J?,  +  ^)][-i?,  +  ^+rl 

.      ^  _  (.R'r-R.)  (R,  +  r)~CB',~R,)  (R,  +  r) 

■■  ^~ Ji;-;^-2(j?,+fl,) 

From  this  A  is  found  for  the  period  used.  By  doing  this  for 
number  of  different  values  of  R,  the  true  value  of  A  ia  approximat 
A  was  thus  found  for  the  condensers  8  and  3  microfarads  with  diSerc 
values  of  n.  The  calculations  were  again  performed  adding  to 
different  values  of  K  a  constant  resistance  A.  The  capacity  that  * 
found  when  A  is  added  to  R  is  called  the  corrected  capacity.  In 
table  below  are  collected  the  corrected  values  of  the  capacities  togetl 
with  n  and  the  resistance  A. 

C^pudtj        4-94  4-96        4-96  4-64        micro  fanda. 


complete  klternations. 


A  6-19        20-5        34-09         139-63        absorption  reaUUnca in  d 

The  last  value  of  the  capacity  seems  to  be  an  error,  possibly  onefl 
calculation.     However,  the  results  seem  to  show  a  nearly  constil 
capacity,  hut  a  resistance  increasing  rapidly  with  decrease  of  period 
Maxwell's  formula  shows.     The  constant  value  of  the  capacity  p 
to  be  explained. 

But  in  the  above,  determinations  of  absorption  resistance  are  1 
approximation.     Professor  Eowland  has,  therefore,  devised  i 
by  which  it  can  be  measured  directly.     This  method,  with  the  r 
that  have  been  derived  by  it,  will  now  be  given. 
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Method  for  the  Direct  Measurement  of  Absorption  Resistance 
h  a  Wheatstone  bridge  (Fig.  3)  let  the  resistance  of  the  different 
WDB  be  denoted  by  R^,  JB',  R,,,  R"  and  r.    Let  jR^have  in  circuit  a 
Klf-mdnctance  L^  and  let  r  have  in  circnit  with  it  a  self -inductance. 

let  Cy^  be  the  current  through  R,  and  (7e*(^*+*'  be  the  current 
flttongh  r  when  a  periodic  electromotive  force  is  applied  to  a  and  d  in 
^figare. 
let  (7J  be  the  current  through  iZ^,  and  C  be  the  current  through  r 
then  there  is  a  constant  difference  o^jotential  between  a  and  d.  The 
iitio  oi  the  current  in  this  case  is 


Fig.  4. 


Fhen  a  periodic  electromotive  force  is  applied  to  a  and  d,  the  ratio 
I  fhe  cmrents  in  this  case  is 

c    x^ R!'R^ — RR^^-^-ibR  L^ 

TT^    " 'RTR'^R])^-~r(RVR')Tibl{R!VR') 

ting  the  real  and  imaginary  parts 

^        (R'R—R!R!')\.R!{R!'  +  iZ.J  +  r  ( JJT  +  iZ,,)]  +  VIL,R\R  +  i?") 

now  the  fixed  coils  of  the  electrodynamometer  are  placed  in  the 

of  the  bridge,  and  the  hanging  coil  is  placed  in  cross  connection 

tte  bridffe    as  hi  Fig.  4,  the  different  resistances  may  be  adjusted 

n 


000 


I 
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until  there  is  no  dedection,  in  wliich  ease  (J>  ^  90"  or  cos  ip=  0,  tberefoie 
RR„)lIl(ie'+  R„)  +  r(R 
:    JfK,  =  jrs ,  —  Wi 


(.R'R,  ■ 


-S")  =  o, 


S")]  +  mi,«"  (R 

R'(R  +  fl") 

■  iTiJrmjTviimr) 

If  in  connection  vith  L'  a  capacity  C  is  added,  the  formula  becomi 
substituting  for  L^,  JO,  — «,  . 

R'R,  =  iTB,, - («i,  -4 )  jn7^MJ--^\w+W)  ■ 
In  most  cases  since  I  and  L,  aie  generaUy  the  self-inductances  of  the 
instruments  the  term  i^IL,  can  be  neglected  in  comparison  with  - 
and  the  equation  becomes 

R-R,  =  RR„  +  i-  ^,-^.^^!J£±J^'X 


i 


In  this  equation  R,  includes  both  the  ohmic  and  the  absorption  reeist- 
ance.  The  value  of  R,  is  determined  in  terms  of  known  quantities, 
that  is  the  resistance  and  I  and  C.  It  was  not  necessary  that  I  and  C 
should  be  exactly  known  as  the  last  term  in  the  equation  above  plays 
the  part  of  a  correction  term,  and  is  in  all  cases  below  small  and  in 
some  cases  negligible.  The  capacities  that  were  used  in  the  experi- 
ments were  the  2  and  3  microfarads,  the  i  microfarad  Elliott  condenser, 
and  the  i  microfarad  Troy  condenser. 

Experiments.— The  process  of  experimenting  was  to  apply  a  periodic 
electromotive  force  to  a  and  d,  and  to  adjust  the  different  resistances 
until  there  was  no  deflection  of  the  coil  in  the  same  way  aa  in  the 
ordinary  measurement  of  resistance  on  a  Wheatstone  bridge.  The 
different  resistances  R',  R",  R„  and  r  being  known,  the  apparent  value 
of  the  resistance  R,  was  found,  and  knowing  the  ohmic  resistance  of 
the  R,  circuit,  the  absorption  resistance  appears  as  the  difference. 
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Some  intereBt  lies  not  alooe  in  that  the  method  is  applicable,  but  that 
it  confirmed  the  supposition  that  absorption  resistance  acts  as  an  ordi- 
nary ohmic  resistance  in  series  in  the  circuit.  This  was  coniirmed  by 
the  fact  that  when  condensers  were  in  series  and  in  parallel,  their 
absorption  resistances  acted  under  these  conditions  like  ohmic  resist- 
ances, being  incTeased  in  the  one  case  and  decreased  in  the  other,  and 
in  the  right  ratio.  This  agreement  was  not  exact,  as  the  absorption 
resistance  was  extremely  sensitive  both  to  change  of  period  and  change 
of  temperature.  The  great  sensitiveness  to  change  of  temperature  was 
ahown  either  by  letting  the  current  go  through  the  condensers  for  a 
little  time,  or  placing  the  coodensers  before  a  hot  air  flue:  in  either 
case  after  cooling,  the  absorption  resistance  returned  to  its  original 
value.  The  cooling  was  very  slow,  as  there  was  very  little  radiation 
from  the  condensers  inclosed  in  wooden  boses. 

The  results  are  now  given  for  the  condensers  2  and  3  microfarads. 
In  the  calculation  of  the  residts  the  last  term  of  the  equation,  that  is 

— nrrrar — ii-^ rnl — rwr   has  been  left  out,  as  it  was  very  small  when 

c  Ic(Ji"  +  R^  +  r{R'  +  R;')  '  •' 

condensers  2  and  3  microfarads  were  used. 


COSDINBIEB    3    A 

SD   3    MlOBOFlRiDB    IN 

PiS 

•.LLBL. 

n  =  134,  1= 

■0007. -.  Itst 

erm  negUglbl 

Kesls.  of 

ReBid 

B' olroult 

H" 

K.- 

R' 

H, 

abBor 

«S2  8 

488-8 

5457-S 

347-9 

80-39 

83-77 

H8SB 

48B-3 

133-4 

40-00 

M4-1 

82-1 

40-73 

B3-81 

3871-6 

83-5 

41    116 

4as-o 

as7-s 

41-337 

S4T4-a 

461-5 

41-43 

8784- 

374-0 

41- 67 

1  obm  In  S 

'=}M«leiilYl»l0D. 

7t8e- 

638  >e 

41-84 

M68- 

81  ■  I.^ 

41-85 

Condensers  2  and  3  placed  before  the  register  and  heated  for  1  hour: 

748B-7  488-37  "  713-8  46-534  34 -33  13-30 

After  standing  IJ  hours  in  air  at  temperature  of  13°-2  C,  condenser 
has  been  open  so  that  resistances  have  been  cooled: 
1340- fi  487-B  >i  109-  43-88  34-  8  SB 

After  standing  some  little  time: 
7483-6  487-B  "  6G1-6  43-47  34-  8-4S 

The  above  table  showa  conclusively  the  heating  of  the  condenser  by 
the  current,  and  the  dependence  of  the  absorption  upon  the  temper- 
ature. 
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r  Paii*llsl,     N=6T'6. 


SS'Sl 

5S'41 
6fi-0T 

5G-se 


3l-« 

ai-ao 

81-81 


Comparing  these  values  with  those  found  i 
the  agreement  is  at  once  apparent. 


iCMi  25 


Direct  meara  re- 


It  should  be  remembered,  in  comparing  the  results,  that  the  values 
obtained  by  method  25  would  naturally  be  smaller  than  those  found  by 
direct  measurement,  as  in  method  35  the  current  going  through  the 
condensers  was  extremely  small;  there  was  therefore  practically  tw 
heating. 

The  experiments  that  confirm  the  mathematical  theory  that  the 
ubeorption  resistance  could  be  treated  as  ordinary  ohmic  resistance  were 
performed  with  the  two  condensers,  ^  Troy  and  i  Elliott  microfarad 
condensers.     These  are  nest  given. 

In  these  results  it  was  upcessarv-  to  take  into  account,  in  the  calciila- 
tion  of  the  apparent  value  of  B„  the  last  term  of  the  equation,  that  is 
I  R"(R'  +  E")       . 


c   lt'{R"  +  R„)  +  T{k'+R' 

)' 

^  Troy  and  \  Elliott  in  series,  1  o'clock. 

Apparent 
K"               K„                R-                r                    of  11, 

ObmioreBUt- 
"St. 

4751-8            409.9            404-8            4754-                 43-141 

34-148 

J  Troy,  3  o'clock. 

4T50-               497  75          353-4                "                     37-288 

34.144 

5  Elliott,  2.45  o'clock. 

4748-3            497-67         390-3                "                     41-380 

i  Troy  and  ^  Elliott  in  parallel,  4  o'clock. 

4749-3            497-6            350-23             '■                     36-94 

34 -IS 

J  Troy  and  ^  Elliott  in  series. 

4748-5            497-55         418-1.^             "                     44-612 

34 -la 

3-144 
7118 
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Calcnlating  what  the  ahaorption  resiBtauee  should  be  for  i  Troy  and 
i  Elliott  in  serieSj  from  the  absorption  resistancea  of  the  two  cod- 
lieneeis  when  determinod  separately,  it  is  equal  to  10'36  ohms,  which  ia 
greiier  than  the  first  and  less  than  the  last  value  above,  showing  that 
Ihe  condenaers  were  heating  during  the  erperimentB.  Calculating  the 
sbwrption  resistance  of  ^  Troy  and  ^  Elliott  in  parallel  in  the  Bame 
raj,  itia  equal  to  2'209  ohms,  which  is  less  than  the  value  afterwards 
obtained  by  experiment  for  the  same  reason. 

The  method  was  shown  not  to  be  based  on  any  false  supposition,  by 
substituting  in  place  of  the  condenser  a  coil  of  known  self-inductance. 
'Tien  this  was  done  the  value  of  R,  as  calculated  from  the  other  resist- 
iWw  and  the  self- inductances  shoidd  be  the  same  as  the  actual  ohniic 
of  the  circuit. 
Has  tried  with  two  coils  F,  and  A  and  the  agreement  was  re- 
close,  as  seen  in  the  next  table. 
P  used  in  place  of  condenser  in  the  R^  circuit: 

DeduMd  value  Actual  value 
»"                    E.,                        &■                       r                       ofH,  ofH, 

»<■»  *a7-8  758-3  54B7-  77 '86  77- S 

Coil  A  in  place  of  condenser  in  the  S,  circuit: 

Bl)  187 -8  318- B  '■  334  ■  13  333-9 

In  these  experimenta  great  care  was  taken  that  the  measurements 

I  rf  the  resistances  were  performed  immediately  after  the  adjustment. 

Ill  this  way  the  actual  resistances  at  the  time  of  the  experiment  were 

ItiituDed,  and  so  the  effect  of  the  heating  by  the  current  was  sorae- 

hit  eliminated. 

Mpthods  26,  9  and  3  give  good  results,  but  the  methods  that  gave 
t  satisfaction  were  methods  12  and  6.  method  12  being  for  the 
1  of  two  self -inductances  and  method  6  for  the  comparison 
K-i&ductance  with   a  capacity.     These  give  some   remarkable 
tbe  theory  and  deductions  of  the  methods  being  as  follows: 

kriivtf  1£. — Zero  Method  for  (he  Comparison  of  two  Self-Inductances 

t  the  connections  be  made  as  in  the  figure  where  the  hanging  coil 
i  the  fixed  coils  are  in  two  distinct  circuits. 

,€*^  etc.  be  the  currents,  A'  and  .4"  reversing  commutators, 
'f  S  and  r  the  resistance  of  the  different  circuits,  L"  and  L  the  seU- 
hctances,  M  the  mutual  inductance  of  the  coila  B,  and  Bj  by  which 
I  placed.  When  a  periodic  electromotive  force  ae"^  is  applied  to 
1^  the  quantity  to  be  found  is  C,  Cj  cos  {*i  — 0,)  where  c^  — -fii 
The  difference  of  phase. 


^ 
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The  current  in  the  tl"  circuit  is  then 


O/ibi  +  iy- 


hMC,^' 


The  current  in  the  R  circuit  is 

C,<(  (M  +*.)(^  -I-  ihV)  =  C,;'  'W  +  ♦^r 


0,111"  + w 


ii  +  r  +  ilL 


=  C,«*". 


Substituting  the  yalne  of  C"^*'"'  in  equation  (1)  and  simplifying,  it 
becomes 

K  r  —  ibL"i        ' 


Therefore  the  deflection  is  proportional  to. 
and  the  condition  for  zero  deflection  is 


-  l^LMS'r 


1-yi"ifr(iJ+r)  =  0, 


The  condition  therefore  of  zero  deflection  ia  independent  of  M. 
M  ia  one  of  the  factors  of  the  electromotive  force  in  the  B,'  circuit,  • 
on  it  therefore  depends  the  sensitireness,  as  it  detemiines  the  c 
through  the  if"  circuit.     In  the  firBt  figures  of  this  method  the  fl 
coils  are  in  the  B"  circuit,  and  the  hanging  coil  in  the  R  circuit  t 
this  is  not  necessary,  as  the  fixed  and  banging  coils  can  be  i 
The  choice  of  which  of  the  above  arrangements  should  be  nsed  dei 


Eleotbical  Measubements 


327 


on  the  impedances  of  the  two  circuits,  as  other  things  being  equal  the 
smaller  current  should  go  through  the  hanging  coil. 

Experimenis. — The  coils  used  in  the  experiments  were  coils  P^,  P2, 

(^9  ^v  ^v  ^^^  ^9  which  coils  are  described  on  page  315.    From  the 

dimensions  of  P^  and  its  self -inductance  as  found  by  method  25,  B^  was 

desijgned  to  have  a  self -inductance  of  one  henry.    This  will  be  shown 

to  be  nearly  the  case.    For  ease  of  comparison  By^  has  been  taken  in 

tbe  calculations  of  the  results  as  being  equal  to  one  henry,  and  the 

other  coils  were  compared  with  this  coil  as  a  standard. 


In  these  experiments  the  connections  were  made  as  in  the  figure  7, 
fhe  coil  B^  that  was  taken  as  the  standard  being  placed  in  circuit  with 
[  ihe  fixed  coils  of  the  electrodynamometer  as  L"  and  the  resistance  of 
circuit  was  unaltered  during  the  experiments  in  any  particular 
The  coils  whose  self-inductances  were  to  be  determined  were 
In  the  hanging  coil  circuit  and  the  resistance  R  was  changed 
there  was  no  deflection.    The  resistance  of  the  two  circuits,  R" 
S  -f-  r  were  then  measured  by  a  Wheatstone  bridge. 
[  The  resistance  r  was  in  all  cases  small  in  order  that  Co^*^^  should  be 
and  therefore  by  induction  (7tl£*(^*+*^  the  current  through  the 
coils  was  made  large  and  the  instrument  sensitive.     The  method 
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being  very  accurate,  as  will  be  seen  later,  great  care  had  to  be  need  to 
eiiniinate  all  sources  of  error,  as  for  example,  electroatatio  action.  In 
the  first  trial  of  the  method  Email  differences  were  noticed  in  the  ratio 
of  two  self-inductanceB,  depending  both  on  the  realstancea  used,  and 
alflo  on  the  connections  of  the  coils,  whether  the  leads  were  double, 
single,  long  or  ehort.  The  same  variation  was  noticed  when  several 
coilfi  were  joined  in  series  and  compared  witli  another  coil,  and  when 
these  coils  were  compared  separately  and  their  sum  taken. 

This  irregularity  led  to  an  investigation  of  the  effects  of  various 
resistances  and  connections  in  one  of  the  circuits,  the  other  circuit 
being  unaltered.  A  little  farther  on,  the  variation  in  the  deduced  value 
of  the  self -inductance  of  one  of  the  coils,  when  different  resistances  and 
leads  were  used,  will  be  given,  which  variation  was  caused  by  the 
electrostatic  action  of  the  connections,  etc.     (Page  316.) 

The  necessity  of  eliminating  electrostatic  action  made  obligatory  the 
UBe  of  open  resistances  wliich  had  small  self -inductances.  These  re- 
BJfitances  were  of  three  kinds — resistances  in  the  form  of  spirals,  resist- 
ances wound  on  thin  strips  of  raicanite  or  paper,  and  those  wound  on 
open  frames;  see  page  316. 

The  self- inductance  of  the  first  and  second  classes  of  resistances  was 
very  small,  as  in  one  case  there  were  only  a  few  turns,  and  in  the  other 
the  cross-section  was  very  small. 

The  third  class  were  those  wound  on  frames  whose  self-inductances 
were  calculated.  There  were  several  resistances  of  2000  ohms  each, 
whose  self-inductances  were  '0000436  henry,  which  would  hardly  affect 
the  phase  of  the  current  or  the  impedance  of  the  circuit. 

These  coils  were  subdivided  into  resistances  of  various  amounts. 
Another  frame  resistance  used  was  of  7463  ohms  divided  into  parts  of 
about  250  ohms  each.  The  self -inductance  of  the  entire  7463  ohms 
was  '000105  henry. 

As  the  open  resistances  were  not  divided  into  small  amounts  it  was 
necessary  to  use  resistance  boxes  for  adjustment;  as  few  ohms  as  possi- 
ble were  used  in  each  ease. 

From  the  fact  that  the  coils  of  the  electrodynamometer  had  self- 
inductance  a  correction  was  introduced  in  order  that  the  ratio  of  the 
resistances  should  give  the  ratio  of  the  self -inductances  of  the  coils 
direct. 

The  value  of  this  correction  in  ohms  was  calculated  as  follows: 
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Calcvlatian  of  Correction  Due  to  Fixed  and  Hanging  Coils 

Self -inductance  of   fixed    coils  =/= '0164  henry 
"  «  "  hanging  coil  =  A  =  -0007      " 

Correction  due  to  fixed  coils.     From  an  inspection  of  the  tables  it 
is  seen  that 

L    __  R+r    _       L     _R±r 
5^+7  ""1?^'        T:0164 902"' 

there  L  is  the  self -inductance  of  some  coil  and  R  -\-  r  is  the  corre- 
sponding resistance.    B^  is  taken  as  equal  to  1  henry 

.        L     ___  1-0164 
••    'ETr         902    ' 

But  the  comparison  of  L  with  B^  =  li8  wanted,  therefore  both  numer- 

ttorand  denominator  of    Yz      are  divided  by  10164  or 

902  -^ 

• '     TfTr  ""  887*45  ' 

"      B      ^  887-45 ' 

That  is,  the  self-inductance  of   0164  henry  of  the  fixed  coils  produced  a 

correction  of  887-45  —  902  =  — 14-55  ohms,  which  must  be  applied  to 

the  R"  circuit  if  the  self -inductance  of  that  circuit  is  to  be  considered 

as  1  henry. 

Correction  due  to  hanging  coil.  The  self -inductance  =  -0164  henry 
of  the  fixed  coils  gives  a  correction  of  — 14-55  ohms,  therefore  the  self- 
indnctance  -0007  henry  of  the  hanging  coil  gives  a  correction  of  —  -62 
ohms  to  the  R  -}-  r  circuit.  Applying  these  corrections,  the  results 
abtained  for  the  several  coils  under  various  conditions  are  given  below. 
Hie  results  are  given  in  the  following  order. 

First.  The  values  are  calculated  using  double  leads  in  the  circuits 
mt  open  resistances  as  far  as  possible. 

Beeond.  The  variation  of  the  apparent  value  of  the  self-inductance 
i  one  of  the  coils  with  different  positions  of  the  coil,  resistances,  and 
UFerent  kinds  of  leads. 

Third.  Short  leads  separated  about  6  inches  and  crossed,  used  with 
B  the  coils  except  B^. 

Fourth,  Open  leads  and  open  resistances  in  the  determinations.  In 
le  table  R'^  was  open  resistance  plus  the  resistance  of  coil  B^  and 
ttd  coils  of  instrument.  R  -{-  r  was  made  up  of  the  small  coil  and 
pen  resistance  plus  the  amount  in  the  Queen  ordinary  resistance  box. 
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Mter  all  the  inductive  eiTecr  of  the  leads  was  removed  and 
nary  resistance  box  used  as  little  as  possible,  there  was  a  different  value 
obtained  for  the  ratio  of  the  self-inductanceB  dependent  on  the  position 
of  the  reversing  commutator  A'.  With  all  the  coils  n^ed  the  greater 
value  occurred  with  the  same  position  of  A'.  This  was  doe  to  the 
electrostatic  action  between  the  coils  B,  and  B„  for  if  the  terminals  of 
the  coil  Bj  and  the  commutator  A'  were  reversed  at  thp  same 
there  was  no  change  in  the  value  of  the  ratio  of  the  inductances, 
ehowed  that  it  was  dependent  on  the  coil  itself  and  not  on  the  lea< 
and  it  could  therefore  not  be  eliminated. 

It  is  to  be  noticed  that  the  values  obtained  for  the  lower  number 
of  alternations  are  always  greater  than  those  found  with  the  higher 
number  of  alternations.  This  was  caused  by  the  electrostatic  action  of 
the  turns  of  the  coil  on  each  other.  In  the  case  of  the  ooil  P,  this  effect 
would  be  caused  by  supposing  a  capacity  of  -0007  microfarads  shunted 
across  the  terminals. 

The  results  are  now  given  comparing  the  different  coils  with  B,  as 
a  standard  and  equal  to  1  henry. 

DOUBI.X  Leads  or  Bkli.  Wire  ahd  Opbh  Rbbibtascb  M 

r  =  106  ohms,  r  =  46  complete  periods  per  leeond. 


Current  increased  about  2J  times. 


aaoo 

9      - 

63      2S04-B      1 

3311 

0 

3 

11.^9-0 

1161 

ies9 

1661-8      : 

1684 

8 

1800 

S 

1808-6 

1806 

4778 

5 

4766 -S 

4818-0 

4787-0 

4781-S 

4807 

S»36 

69588 

59S3 

8575 

6603-5 

6631 

4778 

4795-3B     : 

4813 
1146 

1146-7 

1148 

643 

843-67     ■ 

643 

502 
503 

S03-16    : 
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Double  Leads.    n=aboTit  188  complete  altemationB  per  sec. 

Cor-  Avei>   Com. 

Colli.        R"         Correc.                      Queen.    R+r.         reo.  tLge.      A\      Ratio. 

P,       »01-9       —14-55       887-85     90  +  «     500-4       +62  499-69     1         -5681 

"           **                 «t                 «»              "        500-28         **  2 

P,    »*       **       »»       8  689-85    *«  688-85  1    -7198 

♦•    u                ((       (i       4  689-6     «*  2 

A       901-87           "           887-82               ?  4742-2           »*  4750-48     1       5-8587 


ti 


ti  4i  (c  138  47600  ««  2 


C       901-9  **  887-85       •     44  1151-4  «•         1150-94     1       1-2970 


it 


it  i(  CI  44  1151.4  **  2 


In  the  above  detenninaticns  the  coils  were  arranged  in  the  way  as 
indicated  in  the  figure  having  leads  of  double  bell  wire. 

A  Sbribb  of  Dbtbbminations  or  A  Undbb  Yabious  Conditions. 

Open  resistance  R  on  table  (original  position). 

Cop-  Aver-   COm. 

Onfli        B"         Oorreo.  Queen.    R+r.        rec.  tige.      A'.      Ratio. 

A  902-0  —14-55  887-45  149 +  «  4776-5  —-62  4786-58    1       5-8986 

"           "                 «*  »•  196 +  «  4818-  **                           2 

*<  901-95           ««  887-4  ?         4788-5  «<  4795-88    1       5-408 

"           "                 ««  ««  190-f «  4808-5  **                           2 

Open  resistance  R  moved  up  to  coil  A  (bj). 

U  At  ((  H  f  f  H 

««  "  **  •*  ?         4518-  **  4517-88     2       50905 

Open  resistance  R  moved  to  the  other  side  of  A  (b^). 

«  •(  ««  tt  144  +  «  4518-  «*  4518-88     1       50922 

«  (c  ti  t(  ti       4521-  **  2 

Coil  A  placed  in  P^  position  and  open  resistance  R  restored  to  its 
wdtion^  and  159'  of  double  wire  added  to  the  circuit. 


Soflfl. 

A 

■Off 

901-95 

Correc 
—14-65 

887-4 

Queen.      R+r. 
547-  +  4129 
547 

Cor- 
rec. 

-•62 

Aver-    Com. 
age.       A'. 

1 

Ratio. 

<t 

«< 

it 

ct 

4676 

588  +  4129 

588 

4698-88     2 

5 -2888 

4712 

Coil  A  at  end  of  double  wire  69'  +  159'  =  228'  long. 


u  t< 


«< 


t.  <(  «* 


(C 

607  +  4129 

(1 

607 

4736 

* 

684  +  4129 

634 

4768 

\ew  leads  placed  in  B^  circuit,  the  wires  were  about  6"  from  each 
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Open  resisUnce  placed  next  Coil  A. 


Id  the  following  all  coimections  were  made  with  open  leads,  sot!  ope 
resist  ancles  were  DBed. 


esT-8& 

28  +  . 

llSifcB 

28  +  . 

1 159-1 

34  +  . 

IIST-O 

36  +  . 

llfiB-S 

SST  45 

lOS  +  i 

1858-8 

no  +  > 

1SS1-1 

IMfl-T 

loe  +  i 

18TO-S 

887-88 

85  +  < 
106  +  . 

4T0S- 
4T34-2 

887 -B5 

83  +  > 

85+, 

4707-0 

887-8 

1148  +  , 

11149 -6 

1227  +  . 

l'2S3-5 

887-85 

1170  +  . 

!>l71-7 

ll94+> 

9i;n.7 

887-8 

111+. 

2550 -9 

14fi  +  . 

2556-4 

;is  +  . 

SS48-7 

a8  +  . 

25-18 -7 

888-05 

5853- 

5898- 

i;(4 

5863-5 

509 <TI 

SOI-TS 
MS -91 

M3-4S 
nS8-T8 
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4713 
4704 

9190 
91S1 

2553 
2548 
5880 
5B65 


T3G1 
TSSi 
SOflO 
S0S4 
3T1S 
«83 
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The  above  results  ehow  to  what  accuracy  self-inductances  of  different 
value«  can  be  compared  to  each  other,  or  to  one  of  the  self -inductances 
taken  as  a  standard.  The  reason  that  the  agreement  between  the 
different  determinations  is  not  greater  than  it  is,  even  though  the  elec- 
trodynamometer  was  sensitive  to  a  change  of  1  part  in  10000  in  B  -{-  r, 
is  that  there  was  always  some  little  heating  of  the  resistaoces,  and 
although  they  were  measured  in  each  determination  on  a  Wheatstone 
bridge,  still  it  was  impossible  to  determine  the  exact  resistance  at  the 
time  that  the  experiment  was  made.  This  slight  eSect  of  the  heating 
of  the  resistance  would  not  enter  in  the  comparison  of  two  nearly  equal 
0^- inductances,  that  is  the  comparison  of  a  coil  with  a  standard.  The 
accuracy  of  this  comparison  can  be  made  to  depend  on  the  accuracy 
with  which  R  -\-  r  can  be  determined  for  zero  deflection,  and  this  can 
be  done  to  about  1  part  in  10000.  To  do  this,  first  the  standard  coil 
and  the  coil  to  be  compared  are  substituted  in  turn  in  place  of  L  in 
figure;  thoy  are  thus  compared  separately  to  a  third  coil.  But  as  the 
standard  and  the  coil  to  be  compared  are  nearly  equal  in  self-inductance, 
the  difference  or  self-inductance  can  be  detennined  by  the  amount 
necessary  to  change  B  +  r,  and  this  change  will  be  nearly  independent 
of  the  slight  heating  of  the  resistances.  To  make  a  coil  of  the  same 
self -inductance  as  the  standard,  the  standard  is  placed  in  the  Il-\-r 
circuit  and  the  value  of  fl  +  r  is  foimd  that  produces  no  deflection. 
The  coil  to  he  compared  is  then  substituted  in  place  of  the  standard 
keeping  R  -\-  r  fixed,  and  (he  self -inductance  of  this  coil  is  changed 
until  there  is  no  deflection,  as  in  the  case  of  the  standard.  The 
accuracy  with  which  this  can  be  done  depends  on  the  accuracy  with 
which  R  +  r  can  be  set  or  1  part  in  10000.  The  method  therefore 
gives  a  means  of  comparing  and  constructing  coils  to  agree  in  aelf- 
indnctance  to  within  1  part  in  10000  with  a  standard. 

Method  0. — Zero  Method  for  the  Comparison  of  Self -Inductance  with 
Capacity 

This  method  resembles  method  12  and  the  connections  are  made  as 
in  the  figures  when  both  the  hanging  coil  and  fixed  coils  of  the  electro- 
dynamometer  are  shunted  off  the  main  circuit. 

Let  the  currents  be  denoted  by  fV",  P,e"''i+*,)^  C,c*iw+«,),  C^tKoi+w, 
and  (?,.««+♦.'.  Thfi  resistance  by  R",  r*.  R  and  r.  The  capacity  by  C. 
The  self-indnctance  by  L.  A'  and  A"  are  reversing  commutators  and 
F  the  terminals  of  the  fixed  coils  and  B  the  terminals  of  the  hanging 
coil  of  tho  electrodynamometer. 
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.X£  noir  a  periodic  electromotive  force  is  applied  to  the  terminals  A 
and  B  ttie  equations  connecting  the  different  currents  are  as  belo», 
from  »hioh  equations  the  quantity  C,Cj  cob  (r^,  —  ^)  is  to  be  found, 
vbieh  is  proportional  to  the  deflection.     From  the  fignre  J 


C^ei(N-*-*.)r'=  C,> 


In  the  same  way  it  is  found  that 

c^fM  =  c,."M-w;^±r±^, 


Therefore  the  real  part  is 


C,C,  coa  (♦,  -  ♦,)  =  C!  - 


(«+rXi!"+rOn'- 


(«"+r7.'+- 
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there  D  is  the  deflection.    When  D  is  equal  to  zero 

L 

c 

or  L 


(i2+r)(i?"+r')  — —  =  0 


V 

h  the  experiments  hy  this  method  the  i  microfarad  Elliott  condenser 
was  used,  and  it  was  compared  with  the  diflEerent  coils  P^,  Pa,  A,  and  0. 
The  connections  were  made  with  open  leads  and  open  resistances  were 
used  as  far  as  possible,  but  it  was  necessary  to  use  resistance  boxes  for 
the  last  adjustments.     The  connections  having  been  made  as  in  figure, 
the  process  of  experimenting  was  to  keep  r  and  /  constant  and  to 
idJBBt  R"  and  R  until  there  was  no  deflection  of  the  hanging  coil.    The 
ledstance  of  the  circuits  B"  +  ^  *^d  R  -{-r  were  then  measured  on  a 
Wheatstone  bridge.    The  commutator  A'  was  reversed  and  the  process 
Twa  repeated.    The  condenser  had  absorption  (see  p.  323)  which  caused 
ike  resistance  i?"  +  /  to  be  increased  by  7-11  ohms.    When  the  capac- 
ity is  calculated,  taking  into  account  the  absorption,  it  is  called  the 
eorrected  capacity,  as  in  the  other  tables  of  the  paper. 

COLLBCTED   RESULTS. 


Results  found 

Results  found 

ns40. 

bytakinff 

by  direct 

nsiaa. 

BefQlts  found  sam  diff.,  eto.. 

meas.  of  coils        Results  found  by  taking  sum 

by  direct 

of  separate 

and  combination            and  diff.  of  separate 

Oofla. 

mettanrement. 

meas. 

of  coils. 

measurements. 

F. 

•5064 

•5668 

-5658 

•5648  (C  +  Pi>— C=Pj 

Aft 

•5784 

•5780  (C  +  P,  +  P,)— (C  +  P,)=P, 

P. 

7251 

•7211 

•7288 

•7187  (C  +  P,)— C=P, 

(« 

•7282 

•7269  (C  +  Pj  +  P,)— (C  +  Pi)=P, 

c 

1-8060 

1-8049 

1-8084 

18029  (C  +  Pj)— P,=C 

•« 

1-8010 

1^2990  (C  +  P,)— P,=C 

•  A 

1-8070 

1^8066  (C  +  P,  +  P,)— Pj— P,=C 

A 

5-8080 

5-8175 

5-2991 

5-8022  (A  +  O— C=A 

F»  +  P, 

1-2945 

1-2917  (C  +  Pj  +  P,)     C=P,  +  P, 

•( 

1-2915 

1-2888           Pi  +  Ps 

C  +  P, 

1-8718 

1-8714 

1-8688  . 

1-8677           C  +  Pi 

•ft 

1-8744 

1-8718  (C  +  Pj  +  P,)— P,=C  +  Pj 

C+P, 

2- 0261 

2-0881 

2-0221 

20298  (C  +  Pj  +  P,)— Pi=C  +  P, 

+F,  +  P, 

2-5995 

2-5965 

2-5951 

25920           Pi  +  P,  +  C 

A+C 

6-6225 

6-6180 

6  6054 

6^6025           A  +  C=A  +  C 

In  method  12  corrections  due  to  the  hanging  coil  and  fixed  coils  were 
ited  so  that  the  ratio  of  the  resistances  would  give  the  ratio  of  the 
Mnductances  direct.    In  this  method  (6)  since  the  capacity  was  in 
it  with  the  hanging  coil,  the  self-inductance  was  so  small  that  it 
neglected.     The  self-inductance  of  the  coils  P,  etc.,  which  were 
led  in  circuit  with  the  jBbced  coils,  were  increased  by  the  self-induc- 
of  the  fixed  coils,  that  is  by  -0164  henry. 
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This  method  can  be  used  with  great  accuracy  for  the  comparison  of 
the  capacity  of  a  condenser  with  a  standard  condenser.  In  the  com- 
parison, first  one  condenser  and  then  the  other  would  be  placed  in  the 
R  -\-  r  circuit.  If  the  two  condensers  are  of  nearly  the  same  capacity, 
the  degree  of  accuracy  of  the  comparison  depends  upon  the  accuracy 
with  which  R"  ~\-  /  can  be  set.  The  degree  of  accuracy  of  setting 
ii"  +  /  varies  with  the  value  of  the  self -inductance  with  which  the 
condensers  are  compared.  In  the  experiments  just  given,  using  the 
different  coils,  the  degree  of  accuracy  with  which  two  ^  microfarad  con- 
densers could  have  been  compared  would  vary  from  1  part  in  2000  to 
one  part  in  14000.  The  two  condensers  are  supposed  to  be  without 
absorption,  as  its  presence  would  cause  trouble  unless  the  absorption 
resistances  were  known. 


i 


Electiucal  Measurements  337 

Resume. — Summing  up  the  results  deduced  in  this  paper,  it  is  seen 
that  the  methods  for  the  absolute  determination  of  self-inductance 
and  capacity  do  not  give  as  concordant  results  as  could  be  wished.  The 
irregularity  of  results  was  caused,  in  the  most  part,  both  in  the  deter- 
mination of  seU-inductance  and  capacity  by  the  variation  of  the  periods 
of  the  currents  used  in  the  experiments.  As  the  period  enters  directly 
into  the  determination  of  self -inductance  and  capacity,  all  variations 
of  the  period  will  appear  in  the  results.  The  determination  of  capacity 
is  complicated  by  the  presence  of  electric  absorption  (p.  323  et  seq.). 
The  effect  of  electric  absorption  is  shown  to  be  that  of  an  added  resist- 
ance in  series  with  the  condenser,  called  absorption  resistance.  A 
direct  method  is  given  by  which  absorption  resistance  can  be  measured 
(p.  319),  and  experiments  are  given  which  show  that  when  condensers 
possessing  absorption  are  in  series  or  in  parallel,  their  absorption  re- 
sistances act  under  these  conditions  as  ohmic  resistances  in  series  with 
the  separate  condensers  (p.  323).  Absorption  resistance  is  also  found 
to  be  extremely  sensitive  to  temperature. 

The  methods  for  the  comparison  of  two  self-inductances  or  a  self- 
inductance  and  a  capacity  are  independent  of  the  period,  and  when  the 
self-inductances  are  of  different  magnitudes  the  comparison  can  be 
made  with  an  accuracy  of  1  part  in  10000.  These  methods,  therefore, 
give  a  means  of  comparison  of  a  self-inductance  with  a  standard  self- 
inductance,  or  a  capacity  with  a  standard  capacity  to  an  accuracy  of  1 
part  in  10000,  or  they  allow  the  establishment  of  standards. 
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RESISTANCE  TO  ETHEREAL  MOTION 

Br  n.  A.  RowLiND,  N.  E.  Gilbebt  *nd  P.  C.  MoJtrBcmni 

[Jo/mi  Hopkltu  UniuirtUy  Cireulan,  So.  116,  p.  60,  IVOO] 

An  attempt  has  been  made  to  determine  within  what  limits  it  &^^ 

possible  to  say  that  there  is  no  frictional  or  viscous  resistance  in  the 
ether  of  apace-     Modern  theories  of  magnetism  are  based  on  some  kind 
of  rotary  or  vortical  motion  in  the  ether  and  if  a  piece  of  iron  is  mag- 
netized we  imagine  that  the  molecules,  or  something  about  tbera,  rotatft,^^ 
also.     The  existence  of  permanent  magnets  shows  that  any  retardatlani^l 
due  to  any  kind  of  resifitance  must  be  very  slight. 

In  the  case  of  an  electro-magnet,  any  energy  used  in  overcoming  such 
resistance,  if  it  exists,  must  be  derived  from  the  exciting  current  and 
the  disappearance  of  i^uch  energy  will  produce  an  apparent  resistance 
added  to  that  of  the  wire.  An  attempt  was  therefore  made  to  deter- 
mine whether  a  wire  carrying  a  current  had  the  same  electrical  resist- 
ance when  producing  a  magnetic  field  that  it  had  when  not  producing  it. 

The  experiment  consisted  in  winding  two  coils  of  wire  together  on 
an  iron  core  and  determining  whether  the  resistance  was  the  same  in 
two  cases : — 

(1).  Wlien  the  t-iirront  was  so  piissed  through  the  coils  that  both 
produced  a  field  in  the  same  direction. 

(2).  When  the  current  was  so  passed  that  the  fields  produced  counter- 
balanced each  other. 

The  great  difficulty  in  the  experiment  lay  in  the  necessity  of  measur- 
ing the  resistance  of  a  coil  in  which  a  comparatively  large  current  was 
flowing.  In  order  to  overcome  the  effect  of  changes  in  resistance  due 
to  changes  in  temperature,  two  coils  were  wound,  as  nearly  as  possible 
identical,  and  these  double  coils  were  used  for  the  four  arms  of  a 
Wheatstone'a  bridge  so  that  the  temperature  would  rise  in  all  four  anna 
equally.  Each  coil  consisted  of  about  2500  turns  of  doubled  No.  30 
copper  wire,  the  whole  enclosed  in  an  iron  case,  boiled  in  wax  for  five 
hours  and  cooled  in  a  vacuum.  The  insulation  resistance  was  then 
about  eleven  mepohms.  Iron  cores  were  used  and  it  was  found  that 
the  caRes  effectually  protected  the  coils  against  sudden  changes  in  tem- 
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perature  due  to  air  currents  as  well  as  serving  for  yokes  to  the  magnets. 
A  current  of  one-tenth  ampere  was  used  which  insured  a  high  state 
of  magnetization  in  the  iron  when  two  coils  were  in  series,  giving  5000 
turns. 

The  coils  were  connected  in  the  bridge  in  such  a  way  that  the  two 
coils  in  one  case  formed  the  opposite  arms  of  the  bridge.  By  means 
of  a  reversing  switch  the  current  in  one  of  these  coils  could  be  reversed. 
This  changed  the  field  which  might  affect  two  opposite  arms  of  the 
bridge  and  thus  doubled  the  deflection.  Another  switch  might  have 
been  inserted  in  the  other  pair  of  arms  and  thus  doubled  the  deflection 
again  but  errors  due  to  the  switches  would  also  have  been  doubled  and 
no  advantage  gained.  The  switch  was  carefully  constructed  with  large 
copper  rods  dipping  into  copper  mercury  cups  but,  at  best,  the  inac- 
curacies of  the  switch  limited  the  accuracy  of  the  experiment. 

The  fine  adjustments  were  made  by  resistance  boxes  shunted  round 
one  of  the  coils.  About  15,000  ohms  in  this  shunt  balanced  the  bridge. 
A  change  of  one  ohm  in  the  shxmt  gave  a  deflection  of  two  millimeters 
and  indicated  a  change  in  the  resistance  of  the  arm  of  ro  o^^o  o  g  ohm.  The 
whole  resistance  being  over  100  ohms  this  would  give  a  determination 
of  one  part  in  2,000,000  or,  since  the  deflection  is  doubled,  one  part  in 
4,000,000  for  each  arm.  The  result  of  30  readings  each  way  was  that 
the  shunt  resistance  was  about  3-4  ohms  less  with  magnetic  field  than 
without.  The  shunt  was  so  placed  that  this  gives  a  less  resistance  by 
one  part  in  1,200,000  when  producing  a  magnetic  field. 

The  above  result  is  in  the  wrong  direction.  The  difficulty  may  lie  in 
the  fact  that  the  galvanometer,  though  used  at  night,  was  unsteady  at 
best,  or  it  mav  be  due  to  leaka^ro.  The  resistance  of  the  coils  was  100 
ohms  while  the  insulation  resistance  was  11,000,000  ohms.  If  the  leak- 
age is  s}Tnmetrical  along  tho  doubled  wire  it  will  not  affect  the  galvano- 
meter upon  reversing  the  current  in  one  coil.  This  assumption  may 
not  be  justified. 
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I.— INTRODUCTORY  REMARKS 


Among  the  more  important  constants  of  nature,  the  ratio  of  the 
Hit  unit  to  the  unit  of  mechanical  work  stands  forth  prominent,  and 


research  was  originally  to  have  been  performed  in  connection  with  Professor 
ig,  bat  the  plan  was  frustrated  by  the  great  distance  between  our  residences. 
•pproprlation  for  this  experiment  was  made  by  the  American  Academy  of  Arts 
I  Sciences  at  Boston,  from  the  fund  which  was  instituted  by  Count  Rumford,  and 
aid  was  also  g^ven  by  the  Trustees  of  the  Johns  Hopkins  University,  who  are 
II.  as  f^r  as  they  can,  to  promote  original  scientific  investigations. 


344 


Henby  a.  Rowland 


IB  used  almost  daily  by  the  physicist.  Yet,  when  we  come  to  consider 
the  history  of  the  subject  carefully,  we  ^d  that  the  only  experimenter 
who  has  made  the  determination  with  anything  like  the  accuracy 
demanded  by  modem  science,  and  by  a  method  capable  of  giving  good 
results,  is  Joule,  whose  determination  of  thirty  years  ago,  conlirmed 
by  some  recent  results,  to-day  stands  almost,  if  not  quite,  alone  among 
accurate  results  on  the  subject. 

But  Joule  experimented  on  water  of  one  temperature  only,  and  did 
not  reduce  hia  reeuits  to  the  air  thermometer;  so  that  we  are  still  left 
in  doubt,  even  to  the  extent  of  one  per  cent,  a^  to  the  value  of  the 
equivalent  on  the  air  thermometer. 

The  reduction  of  the  mercurial  to  the  air  thermometer,  and  thence 
to  the  absolute  scale,  has  generally  been  neglected  between  0°  and  100° 
by  most  physicists,  though  it  is  known  that  they  differ  several  tenths 
of  a  degree  at  the  45°  point.  In  calorimetric  researches  this  may  pro- 
duce an  error  of  over  one,  and  even  approaching  two  per  cent,  especially 
when  a  Geiasler  thermometer  is  used,  which  is  the  worst  in  this  respect 
of  any  that  I  have  experimented  on;  and  small  intervals  on  the  mer- 
curial thermometers  differ  among  themselves  more  than  one  per  cent 
from  the  difference  of  the  glass  used  in  them. 

Again,  as  water  is  necessarily  the  liquid  used  in  calorimeters,  its 
variation  of  specific  heat  with  the  temperature  is  a  very  important 
factor  in  the  determination  of  the  equivalent.  Strange  as  it  may 
appear,  we  may  be  said  to  know  almost  nothing  about  the  variation 
of  the  specific  heat  of  water  with  the  temperature  between  0°  and 
100°  C. 

Eegnault  experimented  only  above  100°  C.  The  experiments  of 
Him,  and  of  Jamin  and  Amaury,  are  absurd,  from  the  amount  of  varia- 
tion which  they  give.  Pfaundler  and  Platter  confined  themselves  to 
points  between  0°  and  13°.  Munchausen  seems  to  have  made  the  beet 
experiments,  but  they  must  be  rejected  because  be  did  not  reduce  to 
the  air  thermometer. 

In  the  present  series  of  researches,  I  have  sought,  first,  a  method 
of  measuring  temperatures  on  the  perfect  gas  thermometer  with  an 
accuracy  scarcely  hitherto  attempted,  and  to  this  end  have  made  an 
extended  study  of  the  deviation  of  ordinary  thermometers  from  the 
air  thermometer;  and,  secondly,  I  have  sought  a  method  of  determin- 
ing the  mechanical  equivalent  of  beat  so  accurate,  and  of  so  extended 
a  range,  that  the  variation  of  the  specific  heat  of  water  should  follow 
from  the  experiments  alone. 
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As  to  whether  or  not  these  have  been  aecgmplished,  the  following 
pages  will  show.  The  curious  result  that  the  epeeific  heat  of  water 
on  the  fliV  thermometer  decreases  from  0°  to  about  30°  or  35",  after 
which  it  increases,  seems  to  be  an  entirely  unique  fact  in  nature,  seeing 
Ihit  there  is  apparently  no  other  substance  hitherto  experimented  upon 
•fioBe  specific  heat  decreases  on  rise  of  temperature  without  change  of 
ilite.  From  a  thermodynamic  point  of  view,  however,  it  is  of  the 
ime  nature  ae  the  decrease  of  specific  heat  which  takes  place  after 
the  Tiiporization  of  a  liquid. 

The  close  agreement  of  my  result  at  15°-1  C.  with  the  old  result  of 
Joaie,  after  approximately  reducing  his  to  the  air  thermometer  and 
iatitnde  of  Baltimore,  and  correcting  the  specific  heat  of  copper,  ia 
Wiy  satisfactory  to  us  both,  aa  the  difference  is  not  greater  than  I  in 
400,  and  is  probably  less. 

I  hope  at  some  future  time  to  make  a  comparison  with  Joule's  ther- 
fflomrters,  when  the  difference  can  be  accurately  stated. 

II.— THERMOMETRY 
(a.)  General  Viev 
The  Bcience  of  thermometry,  as  ordinarily  studied,  is  based  upon 

K luges  produced  in  bodies  by  heat.  Among  these  we  may  mention 
lin  volume,  pressure,  state  of  aggregation,  dissociation,  amount 
i«  of  light  reflected,  transmitted,  or  emitted,  hardness,  pyro-elec- 
d  thermo-electric  properties,  electric  conductivity  or  specific  iu- 
Sactioa  capacity,  magnetic  properties,  thermo-dynamic  properties,  &c. ; 
ind  on  each  of  these  may  be  based  a  system  of  thermometry,  each  one 
if  vhjch  is  perfect  in  itself,  but  which  differs  from  all  the  others  widely. 
I,  each  method  may  be  applied  to  nearly  all  the  bodies  in  nature, 
id  hundreds  or  thousands  of  thermometric  scales  may  be  produced, 
hieh  may  be  made  to  agree  at  two  fixed  points,  such  as  the  freezing 
id  boiling  points  of  water,  but  which  will  in  general  differ  at  nearly, 
'  oot  ail,  other  points, 

Bnt  from  the  way  in  which  the  science  has  advanced,  it  has  come 
I  pass  that  all  methods  of  thermometry  in  general  use  to  the  present 
DW  have  been  reduced  to  two  or  three,  based  respectively  on  the 
ipareot  expansion  of  mercury  in  glass  and  on  the  absolute  expansion  of 
me  gas,  and  more  lately  on  the  second  law  of  thermodynamics. 
£gcfa  of  these  systems  is  perfectly  correct  in  itself,  and  we  have  no 
^t  to  designate  either  of  them  as  incorrect.     We  must  decide  o  priori 
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on  some  system,  and  then  express  all  our  results  in  that  system:  tBe 
accuracy  of  science  demands  that  there  should  be  no  ambiguity  on  that 
subject.  In  deciding  among  the  three  systems,  we  should  be  guided 
by  the  following  rules: — 

Ifit.  The  system  should  be  perfectly  de6nite,  so  that  the  same  tem- 
perature should  be  indicated,  whatever  the  thermometer. 

2d.  The  system  should  lead  to  the  most- simple  laws  in  nature. 

Sir  William  Thomson's  absolute  system  of  thermometry,  cninciding 
with  that  based  on  the  expansion  of  a  perfect  gas,  satisfies  these  most 
nearly.  The  mercurial  thermometer  is  not  definite  unless  the  kind  of 
glass  is  given,  and  even  then  it  m^y  vary  according  to  the  way  the  bolb 
is  blown.  The  gas  thermometer,  unless  the  kind  of  gas  is  given,  is  not 
definite.  And,  further,  if  the  temperature  as  given  by  either  of  these 
thermometers  was  introduced  into  the  equations  of  thermo-dynamics. 
the  simplest  of  them  would  imniediately  become  complicated. 

Throughout  a  small  range  of  temperatnre,  these  systems  agree  more 
or  less  completely,  and  it  is  the  habit  even  with  many  eminent  physi- 
cists to  regard  them  as  L-oincident  between  the  freezing  and  boiling 
points  of  water.  We  shal!  see,  however,  that  the  dlfl'erence  between 
them  is  of  the  highest  importance  in  thermometry,  especially  where 
differences  of  temperature  are  to  be  used. 

For  these  reasons  I  have  reduced  all  my  measures  to  the  absolute 


The  relation  between  the  absolute  Systran  and  the  system  based  on 
the  expFiiisioii  of  gn^i's  hns  been  determined  by  .Toiih'  and  Thomson 
in  their  experiments  on  the  flow  of  gases  through  porous  plugs  (Philo- 
sophical Transactions  for  1868,  p.  579).  Air  was  one  of  the  most 
important  substances  they  experimented  upon. 

To  measure  temperature  on  the  absolute  scale,  we  have  thus  only  to 
determine  the  temperature  on  the  air  thermometer,  and  then  reduce 
to  the  absolute  scale.  But  as  the  air  thermometer  is  very  inconvenient 
to  use,  it  is  generally  more  convenient  to  use  a  mercurial  thermometer 
which  has  been  compared  with  the  air  thermometer.  Also,  for  small 
changes  of  temperature  the  air  thermometer  is  not  sufficiently  sensi- 
tive, and  a  mercurial  fhermr  meter  is  necessary  for  interpolation.  I  shall 
occupy  myself  first  with  a  careful  stndy  of  the  mercurial  thermometer. 

(b.)  The  Meicuiial  Thermometet 

Of  the  two  kinds  of  mercurial  thermometers,  the  weight  thermometer 
is  of  littlo  importance  to  onr  subject.     I  shall  therefore  confine  myself 
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prmdpally  to  that  form  having  a  graduated  stem.  For  convenience 
in  use  and  in  calibration^  the  principal  bulb  should  be  elongated,  and 
another  small  bulb  should  be  blown  at  the  top.  This  latter  is  also  of 
the  utmost  importance  to  the  accuracy  of  the  instrument,  and  is  placed 
there  by  nearly  aU  makers  of  standards.'  It  is  used  to  place  some  of 
the  mercury  in  while  calibrating,  as  well  as  when  a  high  temperature 
is  to  be  measured;  also,  the  mercury  in  the  larger  bulb  can  be  made 
free  nom  air-bubbles  by  its  means. 

Most  standard  thermometers  are  graduated  to  degrees ;  but  Begnault 
preferred  to  have  his  thermometers  graduated  to  parts  of  equal  capacity 
those  value  was  arbitrary,  and  others  have  used  a  single  millimeter 
^Tision.  As  thermometers  change  with  age,  the  last  two  methods  are 
the  best;  and  of  the  two  I  prefer  the  latter  where  the  highest  accuracy 
is  desired,  seeing  that  it  leaves  less  to  the  maker  and  more  to  the 
scientist.  The  cross-section  of  the  tube  changes  continuously  from 
point  to  point,  and  therefore  the  distribution  of  marks  on  the  tube 
should  be  continuous,  which  would  involve  a  change  of  the  dividing 
engine  for  each  division.  But  as  the  maker  divides  his  tube,  he  only 
dianges  the  length  of  his  divisions  every  now  and  then,  so  as  to  average 
his  errors.  This  gives  a  sufficiently  exact  graduation  for  large  ranges 
of  temperature;  but  for  small,  great  errors  may  be  introduced.  Where 
there  is  an  arbitrary  scale  of  millimeters,  I  believe  it  is  possible  to 
^rate  the  tube  so  that  the  errors  shall  be  less  than  can  be  seen  with 
fte  naked  eye,  and  that  the  table  found  shall  represent  very  exactly 
the  gradual  variation  of  the  tube. 

In  the  calibration  of  my  thermometers  with  the  millimetric  scale,  I 
hsTe  used  several  methods,  all  of  which  are  based  upon  some  graphical 
JDethod.  The  first,  which  gives  all  the  irregularities  of  the  tube  with 
P^t  exactness,  is  as  follows : 

A  portion  of  the  mercury  having  been  put  in  the  upper  bulb,  so  as 
to  leave  the  tube  free,  a  column  about  15  mm.  long  is  separated  off. 
This  is  moved  from  point  to  point  of  the  tube,  and  its  length  carefully 
measured  on  the  dividing  engine.  It  is  not  generally  necessary  to 
move  the  column  its  own  length  every  time,  but  it  may  be  moved 
M  THTn  or  26  mm.,  a  record  of  the  position  of  its  centre  being  kept. 
To  eliminate  any  errors  of  division  or  of  the  dividing  engine,  readings 
rere  then  taken  on  the  scale,  and  the  lengths  reduced  to  their  value 
n  scale  divisions.     The  area  of  the  tube  at  every  point  is  inversely  as 

'Geiftsler  and  Cssella  omit  it,  which  should  condemn  their  thermometers. 
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the  length  of  the  column.     We  shall  thus  have  a  ser 
equal  to  each  other,  if  the  tube  is  good.     By  subtracting  the  snidle^ 
from  each  of  the  others,  and  plotting  the  results  as  ordlnates,  with  thij 
thermometer  scale  as  abscissas,  and  drawing  a  curve  through  the  poinBj 
80  found,  we  have  means  of  finding  the  area  at  any  point.    The  curr^ 
should  not  bo  drawn  exactly  through  the  points,  but  rather 
them,  seeing  they  are  the  average  areas  for  some  distance  each 
the  point.     With  good  judgment,  the  curve  can  be  drawn 
accuracy.     I  then  draw  ordinatee  every  10  ram.,  and  estiniate  the  an 
age  area  of  the  tube  for  that  distance,  which  I  set  down  in  a  tsbl 
As  the  lengths  are  uniform,  the  volume  of  the  tube  to  any  point 
found  by  adding  up  the  areas  to  that  point. 

But  it  would  be  unwise  to  trust  such  a  method  for  very  long  tnl 
seeing  the  mercury  column  is  so  short,  and  the  columns  are  not  end 
end.     Hence  I  use  it  only  as  supplementary  to  one  where  the  coh 
is  about  50  mm.  long,  and  is  always  moved  its  own  length.     This  estil 
liahes  the  volumes  to  a  series  of  points  about  50  mm.  apart,  and  thf 
other  table  is  only  used  to  interpolate  in  this  one.     There  seenifi  to  1(< 
no  practical  object  in  using  columns  longer  than  this. 

Having  finally  constructed  the  arbitrary  table  of  volumes,  I  tia 
test  it  by  reading  with  the  eye  the  length  of  a  long  mercury  colnmil 
No  certain  error  was  thus  found  at  any  point  of  any  of  the  thennoO 
eters  which  I  have  used  in  these  experiments. 

While  measuring  the  column,  great  care  must  be  taken  to  preserf 
all  parts  of  the  tube  at  a  uniform  temperature,  and  only  the  eitreffl 
ends  must  be  touched  with  the  hands,  which  should  be  covered  irit 
cloth. 

If  y  is  the  volume  on  this  arbitrary  scale,  the  temperatui 


ndi 


mercurial  thermometer  ia  found  from  the  formula  T  =  C  V  —  („,  vhei 
C  and  i„  are  constants  to  be  determined.  If  the  thermometer  eontoiB 
the  0°  and  100°  points,  we  have  simply 

r-     100 

Otherwise  C  is  found  by  comparison  with  some  other  thermomet 

which  must  be  of  the  same  kind  of  glass. 

It  is  to  be  carefully  noted  that  the  temperature  on  the  mereuii 
thermometer,  as  I  have  defined  it,  is  proportional  to  the  apparent 
pansion  of  mercury  as  measured  on  the  stem.  By  defining  it  as  ] 
portional  to  the  true  volume  of  mercury  in  the  stem,  we  have  to  inti 
duce  a  correction  to  ordinary  thermometers,  as  Poggendorff  has 
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Is  I  only  use  the  mercurial  thennometer  to  compare  with  the  air 
theniionieter,  and  as  either  definition  is  equally  correct,  I  will  not 
(unher  discuss  the  matter,  but  will  use  the  first  definition,  as  being 
ibe  eimplest. 

In  the  above  formula  I  have  implicitly  assumed  that  the  apparent 
npSLsion  la  only  a  function  of  the  temperature;  hut  in  solid  bodies 
lite  glass  there  aeeraa  to  be  a  progressive  change  in  the  volume  as  time 
idvincee,  and  especially  after  it  has  been  heated.  And  hence  in  mer- 
curial and  alcohol  thermometers,  and  probably  in  general  in  all  ther- 
DioBeters  which  depend  more  or  less  on  the  expansion  of  solid  bodies. 
1  that  the  reading  of  the  thermometer  depends,  not  only  on  its 
pwMDt  temperature,  but  also  on  that  to  which  it  has  been  subjected 
*ithiD  a  short  time;  so  that,  on  heating  a  thermometer  up  to  a  certain 
teniitfrature,  it  does  not  stand  at  the  same  point  as  if  it  had  been  cooled 
from  a  higher  temperature  to  the  given  temperature.  As  these  effects 
iw  without  doubt  due  to  the  glass  envelope,  we  might  greatly  diminish 
ttaa  by  using  thermometers  filled  with  liquids  which  expand  more 
win  mercury:  there  are  many  of  these  which  expand  six  or  eight  times 
MfflDcli,  and  so  the  irregularity  might  be  diminished  in  this  ratio.  But 
in  this  case  we  should  find  that  the  correction  for  that  part  of  the 
tern  which  was  outside  the  vessel  whose  temperature  we  were  dete/- 
"lininf  would  be  increased  in  the  same  proportion;  and  besides,  as  all 
"le  liijaids  are  quite  volatile,  or  at  least  wet  the  glass,  there  would  he 
Tegttlarity  introduced  on  that  account.  A  thermometer  with  liquid 
"1  the  bulb  and  mercury  in  the  stem  would  obviate  these  inconven- 
•fifiiw;  but  even  in  this  case  the  stem  would  have  to  be  calibrated  before 
"« thermometer  was  made.  By  a  comparison  with  the  air-thermom- 
^T,  a  proper  formula  could  he  obtained  for  finding  the  temperature. 
But  I  hardly  believe  that  any  thermometer  superior  to  the  mercurial 
n  at  present  be  made, — ^that  is,  any  thermometer  within  the  same 
s  as  a  mercurial  thermometer, — and  I  think  that  the  best  result 
V  miftll  ranges  of  temperature  can  be  obtained  with  it  by  studying 
td  AToiding  all  its  sources  of  error. 
To  judge  somewhat  of  the  laws  of  the  change  of  zero  within  the 
Qiita  of  temperature  which  I  wished  to  use,  I  took  thermometer  No. 
I63,  which  had  lain  in  its  case  during  four  months  at  an  average 
Bperature  of  about  20°  or  25°  C,  and  observed  the  zero  point,  after 
iting  to  various  temperatures,  with  the  following  result.  The  time 
u,  and  the  zero  point  was  taken  iram&i- 
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auee  tiw  time  <rf  Dnkng  Moi  Petit,  rasaj  eiprnn>«iit£  luTe  been 

■■de  >■  tkc  diflei^HK  between  tlie  ammiiMl  and  tbc  ur  liwniuHneter, 

tt  td  than  here  been  at  k^  tfmpenturea.    As 

neCoB  bare  been  awd  b;  bobw  of  the  best  ezpeHmentere, 

I  AaU  ammBtem  Irr  pronig  tb«t  tbe  vei^  tbertDametEr  tnd  stem 

r  pm  tbe  aow  ta^^terataiv;  at  the  Game  time,  howeret, 

1  eoataueat  fansnla  for  the  oompariiOD  of  the  air  ther^ 

Mmetar  witb  the  meraniaL 

For  the  njaMiwi  of  msnarj  and  of  giass  tb«  foUowiag  formola 


For  memrT,     V  =r,  (\  ^  ai  -i-iC  +  ^); 
In  both  the  vei^t  and  stem  thennonieten  ve  mnat  bare  F- 


F*. 

r,(i  + J/-rBr-^*«:). 


I 


where  V,  uid  F,  are  the  Totnmec  of  the  ^ass  and  of  the  merruir 
ndooed  to  aeio,  and  (  is  the  temperatare  on  the  air  thermometer 
7%e  tempeiatnre  br  the  veighl  themooieter  is 

ft.-' 

whwe  P„  P,  4o,,  are  the  weights  of  mereurr  in  the  bulb  at  0°  C-, 
V  C,  4c 

Soir  ihe^  weighu  are  directly  as  the  Tolnmes  of  the  mercury  at  0°. 


:  1   -r  J/  ^   JW  +  A-., 


seeing  that  T  is  constant. 


;  100 


1(K>  J  ^  i,HX'i'fi--  Ac' 


Id  the  stem  thermometers  we  have  F„  the  volume  of  mercury  at  0", 
constant,  and  the  rolume  of  the  glaf^  that  the  mercury  fills,  reduced 
to  0"",  Tsrlable.  Ag  the  rolume  of  the  glafs  F*.  is  the  Tolume  reduced 
to  0',  it  will  be  proportioaal  to  the  volunie  of  bulb  plus  the  Tolnme  of 
the  tube  a*  read  off  on  the  icale  which  should  be  on  the  tube. 
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7»  _   1  AA     (  ^  o)«  ""  (  ^  o)o     __    1  AA  (  ^  o)o     . 

•     T—ian        At  +  Bt'  +  Soc. 

. .     ''  —  A""  100  ^  +  (100)'  B  +  &c. 

liiich  is  the  same  as  for  the  weight  thermometer. 
If  the  fixed  points  are  0°  and  f°  instead  of  0°  and  100",  we  can  write 

T-fAt  +  Be  +  Ct*  +  &c. 
~    At'  +  Bt"+  Cf^  +  &c. 

T=t{i  +  (t-t')^^  +  ^,f+^ie+t')^    +&C.} 

is  T  and  t  are  nearly  equals  and  as  we  shall  determine  the  constants 
^rimentally,  we  may  write 

t  =  T-atiV  ^t){h-t)^  &e., 

rtere  \  is  the  temperature  on  the  air  thermometer,  and  T  that  on  the 
Aercarial  thermometer,  and  a  and  &  are  constants  to  be  determined  for 
;ttch  thermometer. 

The  formula  might  be  expanded  still  further,  but  I  think  there  are 

\is9  cases  which  it  will  not  represent  as  it  is.    Considering  &  as  equal 

(d  0,  a  formula  is  obtained  which  has  been  used  by  others,  and  from 

iihich  some  very  wrong  conclusions  have  been  drawn.    In  some  kinds 

rf  j^ass  there  are  three  points  which  coincide  with  the  air  thermometer, 

lad  it  requires  at  least  an  equation  of  the  third  degree  to  represent 

flds. 

The  three  points  in  which  the  two  thermometers  coincide  are  given 
bj  the  roots  of  the  equation 

^(^'  —  0(^  —  0  =  0, 

md  are^  therefore, 

t  =  b. 

uln  the  following  discussion  of  the  historical  results,  I  shall  take  0° 
M  100*'  as  the  fixed  points.  Hence,  ^  =  100°.  To  obtain  a  and  6, 
k  obBeirations  are  needed  at  some  points  at  a  distance  from  0°  and 
■*.  That  we  may  get  some  idea  of  the  values  of  the  constants  in 
p  formula  for  different  kinds  of  glass,  I  will  discuss  some  of  the 
^erimental  results  of  Eegnault  and  others  with  this  in  view. 
23 
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Begnault's  results  are  embodietl,  for  the  most  part,  in  tables  g^iven  oit  * 
p.  239  of  the  first  volnme  of  his  Relation  des  Expiriences.  The  figures 
given  there  are  obtained  from  curses  drawn  to  represent  the  mean  of 
his  experiments,  and  do  not  contain  any  theoretical  results.  The  direct 
application  of  my  formula  to  his  experiments  could  hardly  be  made  with- 
out immense  labor  in  finding  the  most  probable  value  of  the  constants. 
Bill:  the  following  seem  to  satisfy  the  esperiments  quite  well:- 

Cristal  de  Choiay-le-Roi     i  =  0,  rt  =  .000  000  32. 

Verre  Ordinaire  b  =  SiS",  a  =  .000  000  34. 

Verre  Vert  b  =  270",  a  =  .000  COO  095 

Verre  de  Snd-de  b  ^  +10°,        a  =  .000  000  14. 

From  these  values  I  have  calculated  the  following: — 


TABLE  II Rkok*! 


9    KBSUI.TS   COMPtaKD    t 


1 

OholBT-le^Hijl. 

Verre  OnJinslre. 

Verre  Vert, 

Verre  de  Su&le. 

1 

1 

1 

1 
3 

1 

1 

1 
1 
3 

1 

. 

1 

3 

i 

5 

1 

3 

1 

1 

1 

; 

i 

100 

0            0           0 

0 

0 

0 

0            0 

0 

0     1     0 

0 

18Ql:iO-]3ISa 

or 

nil 

9511 9 '0( 

(15 

190- 07,180- Ot 

-01 

13004 130-04 

0 

uoi*o>S9;i«i 

OH 

i;«i 

B5,]39-8( 

(M 

140-31140-2: 

Pm 

I40-11140-ll>:+-01 

iMiaosaieo 

111 

IftH 

T4ia»-Ti 

m 

100-40,160-8) 

+  -i»i 

160 -30 160 -ail— 01 

180180-BO,'l80 

m 

I7H 

63,179-81 

i\r> 

180-60180-61 

—  OS 

180.33180-34 01 

200201-:i.V201 

2H  — 

o> 

IW 

701B9-a( 

01 

300-80  300-81 

—  Ofl|300-50  300-53;— 03 

330231-83331 

KH_ 

04 

S03I9.7f 

32 1-20331 -Si 

—  OS23O-75'3a0T8  —  03 

840343 -Geii42 

01 

3Hil 

90339 -B) 

J41-60  341-6! 

—  0!.341.103*1.08!+-0a 

2603(13-44263 

380384  ■48'38+ 
800  305 -72  305 
320327-25  527 
340349- 80 34S 

76!— 
30— 

881  + 

02 

3H0 
3H0 
301 
331 

30  360 '31 

as  1^80 -00 
OHisoi-ia 
80':d-it-80 

0oi343-H4 

- 

^S.l&T. 

+  ■07 

04 

00 

;....i::::.;:;:':' 

j 

The  formula,  as  we  see  from  the  table,  represents  all  Begnault's 
curves  with  great  accuracy,  and  if  we  turn  to  his  experimental  results 
we  shall  find  that  the  deviation  is  far  within  the  limits  of  the  experi- 
mental errors.  The  greatest  deviation  happens  at  340°,  and  may  be 
accounted  for  by  an  error  in  drawing  the  curve,  as  there  are  few  experi- 
mental results  so  high  as  this,  and  the  formula  seems  to  agree  with 
them  almost  as  well  as  Regnault's  own  curve. 

3  Corrected  trom  360'S3  in  Regnsnlt'a  table. 
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The  object  of  comparing:  the  formula  with   Eegnault's  res 
taaperatures  so  much  higher  than  I  need,  is  simply  to  test  the  f 
llmmgh  as  great  a  rauge  of  temperatures,  and  for  as  many  k 
gm,  as  possible.     If  it  agrees  reasonably  well  throughout 
luge,  ii  will  probably  be  very  accurate  for  a  small  range,  p 
nokain  the  constants  to  represent  that  small  range  the  best. 

Ha?ing  obtained  a.  fonnula  to  represent  any  series  of  exper 

35S 

ults  a 
ormula 
nds  0 
grea 
rovide< 

iments 

ften,  a 
ve  no 

ng  the 

ect  the 
value 
diuary 

B  value 

»f  ran  hardly  expect  it  to  hold  for  points  outside  our  series, 
for  interpolating  between  experiments  too  far  apart,  as,  very  ( 
KniU  change  in  one  of  the  constants  may  affect  the  part  we  h 
Upmmented  on  in  a  very  marked  manner.     Thus  in  applyi 
^cniula  to  points  between  0°  and  100°  the  value  of  b  will  aff 
malt  very  much.     In  the  case  of  the  glass  Choisy-Ie-Boi  many 
*/  i  will  satisfy  the  observations  besides  6^0,     For  the  o 
E!>!I,  however,  b  is  well  determined,  and  the  formula  is  of  mor 
laween  0°  and  100°. 
The  following  table  gives  the  results  of  the  calculation. 

TABLE  III.— Beqsioi,t'i  Resfltb  Cohpibbd  with  the  Formul* 

i 

JUf 

•-HF" 

Calculated 

Observed. 

J 

J 

Chelaj-le-Roi. 

OrSilSf™. 

Verre 
OnUuHlre 

Varre 
Ordinaire. 

0 
!• 
W 

10 
M 
M 

TO 

: 

0 
10-00 
IB-W 
30-98 
39-07 
411-90 

AO-OS 

Tll-9fl 
89-97 

0 
10  07 
30-13 

40.17 
.50-17 
(10. 1.1 
TOl-i 
80-09 

m-or, 

100 

0 

SO- 12 
40. MS 
M-3B 
60-34 
70-22 
80.10 

ioo' 

+  -oa 
— oe 

06 

—09 
— 10 
—  01 

0 
1010 

ao.i7 

HO.  at 

40.23 

50.  as 

60-21 
70- 19 
80- U 
90. 07 
100 

+  ■09 
0 
0 

—  03 

—  04 
-f-OI 

1 

ttaet 

serra 
fourti 

lit  does  not  seem  to  have  published  any  experiments  on  Choisy- 
■B  between  0°  and  lOO",  but  in  the  table  betwt-en  pp.  226,  227 

some  results  for  ordinary  glass.     The  separate  observations 
m  to  have  been  very  good,  but  by  combining  the  total  number 
tions  I  have  found  the  results  given  above.     The  nimibers  in 

column  are  found  by  taking  the  mean  of  Regnanlt's  results 

ttints 

I 

as  near  the 
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is  only  fair,  but  we  must  remember  that  the  same  Bpecimens  of  glsu 
were  not  used  in  this  experiment  as  in  the  others,  and  that  for  these 
specimeDB  the  agreement  is  also  poor  above  100°.  The  valaes  a  = 
.000,000,44  and  6^=260°  are  much  better  for  these  Bpecimens,  and 
the  seventh  column  contains  the  values  calculated  from  these  values. 
These  values  also  satisfy  the  observations  above  100°  for  the  given 
specimens. 

The  table  seems  to  show  that  between  0°  and  100"  a  thermometer  of 
Choisy-Ie-Roi  almost  exactly  agrees  with  the  air  thermometer.  But 
this  is  not  at  ail  conclusive.  Regnanlt,  however,  remarks,'  that  be- 
tween 0°  and  100'  thermometers  of  this  glass  agree  more  nearly  with 
the  air  thermometer  than  those  of  ordinary  glass,  though  he  states 
the  difference  to  amount  to  -1  to  Z  of  a  degree,  the  mercurial  ther- 
mometer standing  belnw  the  air  thermometer.  With  the  eiception  of 
this  remark  of  Regnault's,  no  experiments  have  over  been  published 
in  which  the  direction  of  the  deviation  wae  similar  to  this.  All  ex- 
periments have  found  the  mercurial  thermometer  to  stand  ahove  the 
air  thermometer  between  0°  and  100°,  and  my  own  experiments  agree 
with  thifi.  However,  no  general  rule  for  all  kinds  of  glass  can  be 
laid  down, 

BoBcha  has  given  an  excellent  study  of  Regnaulf«  results  on  this 
subject,  though  I  cannot  agree  with  all  his  conclusions  on  this  subje^^H 
In  discussing  the  difference  between  0°  and  100°  he  uses  a  formula  j^H 
the  form  ^^1 

r— f=  Ai{i0O  — 0. 

and  deduces  from  it  the  erroneous  conclusion  that  the  difference  is 
greatest  at  50°  C,  instead  of  between  40°  and  50°.     His  results  for 

r  — i  at  50°  are 

Choisy-le-Roi    — .22 

Verre  Ordinaire 4-'25 

Verre  Vert +,14 

Verre  de  Su6de -|-.56 

and  these  are  probably  somewhat  nearly  correct,  except  the  negative 
value  for  Choisy-le-Roi. 

With  the  exception  of  Regnault,  very  few  observers  have  taken  up 
this  subject.     Among  these,  however,  we  may  mention  Recknagel,  who 

<Coipptes  Rendus,  Kls, 
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has  made  the  determination  for  common  glass  between  0°  and  100**. 
I  have  found  approximately  the  constants  for  my  formula  in  this  case, 
and  have  calcxdated  the  values  in  the  fourth  column  of  the  following 
table. 


TABLE  IV. — Rbcki7agbl*s  Results  Compabed  with  the  Fobmula. 


Mercurial  Thermometer. 

1 

Air 
Thermometer. 

Difference. 

1 

Observed. 

Calculated. 

0 

0 

0 

0 

10 

10-08 

10-08 

0 

20 

20- 14 

2014 

0 

80 

8018 

80  18 

0 

40 

40-20 

40-20 

0 

50 

50-20 

50-20 

0 

60 

60-18 

60-18 

0 

70 

70  14 

70-15 

-H-01 

80 

8010 

8011 

+   01 

90 

90  05 

90-06 

+  -01 

100 

100-00 

0 

0 

I. 

T 


290^        a  =  .000  000  33 , 


It  will  be  seen  that  the  values  of  the  constants  are  not  very  different 
from  those  which  satisfy  Begnaxdt's  experiments. 

There  seems  to  be  no  doubt,  from  all  the  experiments  we  have  now 
disciifised,  that  the  point  of  maximum  difference  is  not  at  50*^,  but  at 
iome  less  temperature,  as  40 '^  to  45°,  and  this  agrees  with  my  own 
experiments,  and  a  recent  statement  by  Ellis  in  the  Philosophical 
Magazine.  And  I  think  the  discussion  has  proved  beyond  doubt  that 
the  formtda  is  sufiBciently  accurate  to  express  the  difference  of  the 
merciurial  and  air  thermometers  throughout  at  least  a  range  of  200**, 
and  hence  is  probably  very  accurate  for  the  range  of  only  100**  between 
0*  and  100^. 

Hence  it  is  only  necessary  to  find  the  constants  for  my  thermometers. 
^Bot  before  doing  this  it  will  be  well  to  see  how  exact  the  comparison 
mist  be.     As  the  thermometers  are  to  be  used  in  a  calorimetric  research 

which  differences  of  temperature  enter,  the  error  of  the  mercurial 
ipared  with  the  air  thermometer  will  be 

^  - 1  =  a  \hi'  —  2  (J  +  O  ^  +  3^M» 


which  for  the  coustants  used  in  Uccknagel'iJ  table  becomes 
Error=^  — 1  =  . 000  000  33  129000  — 780(+3Ct. 

This  amounts  to  nearly  one  per  cent  at  0°,  and  thence  decreaBee  to 
45°,  after  which  it  increases  again.  As  only  O'-Z  at  the  40"  point 
produces  this  large  error  at  0°,  it  follows  that  an  error  of  only  O'-02 
at  40°  will  produce  an  error  of  ib'dt  *t  0°.  At  other  points  the  errors 
will  be  less. 

Hence  extreme  care  must  be  taken  in  the  comparison  and  the  most 
accurate  apparatus  must  be  constructed  for  the  purpose. 

Z.  Deschii-tiok  of  Appabatub 
The  Air  Thermometer 

In  designing  the  apparatus,  I  have  had  in  view  the  production  of 
a  uniform  temperature  combined  with  ease  of  reading  the  thermom- 
eters, which  must  be  totally  immersed  in  the  water.  The  uniformity, 
however,  needed  only  to  apply  to  the  air  thermometer  and  to  the  bulbs 
of  the  mercurial  thermometer,  as  a  slight  variation  in  the  temperature 
of  the  stems  is  of  no  consequence.  A  uniform  temperature  for  the  air 
thermometer  is  important,  because  it  must  take  time  for  a  mass  of  air 
to  heat  up  to  a  given  temperature  within  0°-01  or  less. 

Fig.  1  gives  a  section  of  the  apparatus.  This  consists  of  a  large 
copper  vrsfie!,  nickel -plated  on  the  out-^ide,  witli  double  walls  an  inch 
apart,  and  made  in  two  parts,  so  that  it  could  he  put  together  water- 
tight along  the  line  a  i.  As  seen  from  the  dimensions,  it  required 
about  28  kilogrammes  of  water  to  fill  it.  Inside  of  this  was  the  vessel 
mdefghkln,  which  could  bo  separated  along  the  line  dk.  In  the 
upper  part  of  this  vessel,  a  piston,  q,  worked,  and  could  draw  the  water 
from  the  vessel.  The  top  was  closed  by  a  loose  piece  of  metal,  op, 
which  fell  down  and  acted  as  a  valve.  The  bottom  of  this  inner 
vessel  had  a  false  bottom,  cl,  above  which  was  a  row  of  large  holes; 
above  these  was  a  perforated  diaphragm,  s.  The  bulb  of  the  air  ther- 
mometer was  at  (,  with  the  bulbs  of  the  mercurial  thermometers  almost 
touching  it.  The  air  thermometer  bulb  was  very  much  elongated,  being 
about  18  cm.  long  and  3  to  5  cm,  iu  diameter.  Although  the  bulbs  of 
the  thermometers  were  in  the  inner  vessel,  the  stems  were  in  the 
outer  one,  and  the  reading  was  accomplished  through  the  thick  glass 
window  uv. 
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The  change  of  the  temperature  was  effected  by  meanB  of  a  Bunsen 
burner  nnder  the  vessel  w. 

The  worldng  of  the  apparatus  was  as  follows:  The  temperature 
hiring  been  raised  to  the  required  point,  the  piston  q  was  worked  to 
Btirnp  the  water;  this  it  did  by  drawing  the  water  through  the  holes 


tl  and  the  perforated  diaphragm  s,  and  thence  up  through  the 
■ratos  to  retuni  on  the  outside.  When  the  whole  of  the  water  is 
I  nearly  uniform  temperature  the  stirring  is  stopped,  the  valve  o  p 
I  into  place,  and  the  connection  of  the  water  in  the  outer  and  inner 
els  is  practically  closed  as  far  as  currents  are  concerned,  and  he- 
the  water  inside  can  cool  a  little  the  outer  water  must  have  cooled 
iderably. 
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So  effective  was  this  arrangement  that,  although  some  of  tne  tEer- 
mometers  read  to  0°-007  C,  yet  they  would  remain  perfectly  stationary 
for  several  minuteB,  even  when  at  40°  C.  At  very  high  temperatures, 
such  as  80°  or  90°  C,  the  humer  was  kept  under  the  vessel  w  all  the 
time,  and  supplied  the  loss  of  the  outer  vessel  hy  radiation.  The  inner 
vessel  would  under  these  circumstances  remain  at  a  very  constant  tem- 
perature. The  water  in  the  outer  vessel  never  differed  by  more  than 
a  small  fraction  of  a  degree  from  that  in  the  inner  one. 

To  get  the  0°  and  100°  points  the  upper  parts  of  the  vessel  above 
tlie  line  o&  were  removed,  and  iee  placed  around  the  bulb  of  the  air 
thermometer,  and  left  for  several  hours,  until  no  further  lowering  took 
place.  For  the  100°  point  the  copper  vessel  shown  in  Fig.  3  was  used. 
The  portion  y  of  this  vessel  fitted  directly  over  the  bulb  of  the  air 
thermometer.  On  boiling  water  in  x,  the  steam  passed  through  the 
tube  to  the  air  thermometer.  It  is  with  considerable  difficulty  that 
the  100°  point  is  accurately  reached,  and,  unless  care  be  taken,  the 
bulb  will  be  at  a  slightly  lower  temperature.  Not  only  must  the  bulb  be 
in  the  steam,  but  the  walls  of  the  cavity  must  also  be  at  100°.  To 
accomplish  this  in  this  ease,  a  large  mass  of  cloth  was  heaped  over  the 
instrument,  and  then  the  water  in  x  vigorously  boiled  for  an  hour  or  bo. 
After  fifteen  minutes  there  was  generally  no  perceptible  increase  of 
temperature,  though  an  hour  was  allowed  bo  as  to  make  certain. 

The  external  appearance  of  the  apparatus  is  seen  in  Fig.  3.  The 
method  of  measuring  the  pressure  was  in  some  respects  similar  to  that 
used  in  the  air  thermometer  of  Jolly,  except  that  the  reading  was  taken 
by  a  cathetoraeter  rather  than  by  a  scale  on  a  mirror.  The  capillary 
stem  of  the  air  thermometer  leaves  the  water  vessel  at  a,  and  passes 
to  the  tube  b,  which  is  joined  to  the  three-way  cock  c.  The  lower  part 
of  the  cock  is  joined  by  a  rubber  tube  to  another  glass  tube  at  d,  which 
can  be  raised  and  lowered  to  any  extent,  and  has  also  a  fine  adjustment. 
These  tubes  were  about  1-5  cm.  diameter  on  the  inside,  so  that  there 
should  be  little  or  no  error  from  capillarity.  Both  tubes  were  exactly 
of  the  same  size,  and  for  a  similar  reason. 

The  three-way  cock  is  used  to  fill  the  apparatus  with  dry  air,  and 
also  to  determine  the  capacity  of  the  tube  above  a  given  mark.  In 
filling  the  bulb,  the  air  was  pumped  out  about  twenty  times,  and 
allowed  to  enter  through  tubes  containing  chloride  of  calcium,  sulphuric 
acid,  and  caustic  soda,  so  as  to  absorb  the  water  and  the  carbonic  acid. 
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The  Cathetometer 

The  cathetometer  was  one  made  by  Meyerstein,  and  was  selected 
because  of  the  form  of  slide  used.  The  support  was  roimd,  and  the 
telescope  was  attached  to  a  sleeve  which  exactly  fitted  the  support. 
The  greatest  error  of  cathetometers  arises  from  the  upright  support 
not  being  exactly  true,  so  that  the  telescope  will  not  remain  in  level 
it  all  heights.  It  is  true  that  the  level  should  be  constantly  adjusted, 
bnt  it  is  also  true  that  an  instrument  can  be  made  where  such  an  ad- 
jnstment  is  not  necessary.  And  where  time  is  an  element  in  the 
•ccuacy,  such  an  instrument  should  be  used.  In  the  present  case  it 
^  absolutely  necessary  to  read  as  quickly  as  possible,  so  as  not  to 


Fig.  8. 


^ave  time  for  the  column  to  change.  In  the  first  place  the  roimd 
^hmm,  when  made,  was  turned  in  a  lathe  to  nearly  its  final  dimen- 
•Jons.  The  line  joining  the  centres  of  the  sections  must  then  have 
'^en  very  accurately  straight.  In  the  subsequent  fitting  some  slight 
i^t^^nlarities  must  have  been  introduced,  but  they  could  not  have  been 
ftfait  with  good  workmanship.*  The  upright  column  was  fixed,  and 
ke  telescope  moved  around  it  by  a  sleeve  on  the  other  sleeve.  Where 
ke  objects  to  be  measured  are  not  situated  at  a  very  wide  angle  from 
Icb  other,  this  is  a  good  arrangement,  and  has  the  advantage  that  any 
^  ot  the  column  can  be  turned  toward  the  object,  and  so,  even  if  it 


'Tba  ehMDge  of  leTel  along  the  portion  generally  nsed  did  not  amount  to  more 
IB  -1  of  a  dlTisioD,  or  abont  'Olmm.  at  the  mercury  column,  as  this  is  about  the 
■IJest  quantity  which  conld  be  observed  on  the  level. 
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were  crookeJ,  we  eoiild  yet  turn  k  into  eueh  a  posltioa  ss  i 
eliminate  error. 

It  was  used  at  a  distance  of  about  110  cm.  from  the  object,  and  ] 
difficulty  was  found  after  practice  in  setting  it  on  the  colnmn  to  j\[  n 
at  least.  The  cross  hairs  made  an  angle  of  45°  with  the  horizontal,  i 
this  was  found  to  be  the  most  sensitive  arrangement. 

The  scale  was  carefully  calibrated,  and  the  relative  errors'  for  tb 
portion  used  were  determined  for  every  centimeter,  the  portion  of  tin 
scale  betwfien  the  0°  and  100°  points  of  the  air  thermometer  beii^ 
assumed  correct.  There  is  no  object  in  determining  the  absolute  valM 
of  the  scale,  but  it  should  agree  reasonably  well  with  that  on  tl« 
barometer;  for  let  //„,  ff,,  and  if  mo  be  the  readings  of  the  barnraetar, 
and  /(„.  hj,  and  /(,„,  the  readings  of  the  cathetometer  at  the  temperatura 
denoted  by  tlie  subscript.     Then  approximately 

_    (H,+h,)-{H,  +A.)     _     n.-H.  +  h,-  h. 
~  (//,«  +  A,«)  -  {H,  +  h,)  ~  H,..  -  //.  +  A,«  -  H,  ■ 
As  the  height  of  the  barometer  varies  only  very  slightly  during  S 
experiment,  the  value  of  this  expression  is  very  nearly 
h,  -  h. 
A,™ -A.' 
which  does  not  depend  on  the  absolute  value  of  the  scale  divisioni- 

But  the  best  manner  of  testing  a  cathetometer  is  to  take  readinj 
upon  an  accurate  scale  placed  near  the  mercury  columns  to  be  me* 
nred.  I  tried  this  with  my  instrument,  and  found  that  it  agreed  * 
the  scale  to  within  two  or  three  one-hundredtlis  of  a  millimeter,  fhu 
was  as  near  as  I  could  read  on  such  an  object. 

In  conclusion,  every  care  was  taken  to  eliminate  the  errors  of  ti 
instrument,  as  the  possibility  of  such  errors  was  constantly  present 
my  mind;  and  it  is  supposed  that  the  instrumental  errors  Hi  i 
amount  to  more  than  one  or  two  one-hundredths  of  a  millimeter  on  t 
mercury  column.  The  proof  of  this  will  be  shown  in  the  re*™ 
obtained. 

The  Barometer 

This  was  of  the  form  designed  by  Fortin,  and  was  made  by  Jan 
Green  of  New  York.  The  tube  was  2-0  cm.  diameter  nearly  on  ' 
outside,  and  about  1-7  em.  on  the  inside.  The  correction  for  capillai 
is  therefore  almost  inappreciable,  especially  as,  when  it  remains  c 

'Tiiese  amaniited  lo  less  tbao   Oiemm.  at  anj  part. 
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ittnl,  it  is  exactly  eliminated  from  t!ie  equation.  The  depression  for 
Ihi!  diameter  is  about  -08  mm.,  but  depends  upon  the  height  of  the 
aeoiMud.  The  height  of  the  meuiseus  was  generally  about  1-3  mra.; 
kl  according  as  it  was  a  rising  or  falling  meniscus,  it  varied  from 
Hlo  1-3  mm.  These  are  the  practical  values  of  the  variation,  and 
tnulil  linvp  been  greater  if  the  barometer  had  not  been  attached  to  the 
nil  a  little  loosely,  so  as  to  have  a  slight  motion  when  handled.  Also 
uw  t!ie  instrumeni  was  slightly  tapped  before  reading.  The  varia- 
0  of  the  height  of  the  meniscus  from  1-2  to  1-i  mm.  would  affect 
tb reading  only  to  the  extent  of  -01  to  -02  mm. 

The  only  case  where  any  correction  for  capillarity  la  needed  is  in 
fading  the  temperatures  of  the  steam  at  the  100°  point,  and  will  then 
•Hect  that  temperature  only  to  the  extent  of  about  O'OOo. 
The  scale  of  the  instrument  was  very  nearly  standard  at  0°  C,  and 
B  on  brass. 

At  the  centre  of  the  brass  tube  which  surrounded  the  barometer,  a 
tbtmometer  was  fixed,  the  bulb  being  surrounded  by  brass,  and  there- 
fere  indicating  the  temperature  of  the  brass  tube. 

In  order  that  it  should  also  indicate  the  temperature  of  the  barome- 
fr.  ihe  whole  tube  and  thermometer  were  wrapped  in  cloth  until  a 
kicknefs  of  about  5  or  (>  cm.  was  laid  over  the  tube,  a  portion  being 
Hplnced  lo  read  the  thermometers.  This  wrapping  of  the  barometer 
)  ten-  important,  and  only  poor  results  were  obtained  before  ita 
9;  and  this  is  seen  from  the  fact  that  1°  on  the  thermometer  indi- 
>  a  correction  of  -12  mm.  on  the  barometer,  and  hence  makes  a 
Tcnce  of  O''-04  on  Ihe  air  thermometer. 

t  this  is  one  of  the  most  important  sources  of  error,  I  have  now 
1  means  of  almost  entirely  eliminating  it,  and  making  continual 
[  of  the  barometer  unnecessary.  This  I  Intend  doing  by  an 
I  atmosphere,  consisting  of  a  large  vessel  of  air  in  ice,  and 
i  to  the  open  tube  of  the  manometer  of  the  air  thermometer. 

The  Tbenniimclfi-a 
Tie  ctandard  thermometers  u.-rd  in  my  exporimenis  arc  given  in 
following  table  on  the  next  page. 
)  calibration  of  the  first  four  thermometers  has  been  described, 
calibration  of  the  Kew  standard  was  almost  perfect,  and  no  cor- 
1  thought  necessary.  The  scale  divided  on  the  tube  was  to 
Jegreps  Fahrenheit:  but  as  the  3-3°  and  212°  points  were  not  cor- 
it  was  in  practice  used  as  a  thennomotcr  with  arbitrary  divisions. 
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The  interval  between  the  0°  and  100°  points,  as  Welsh  found  it,  was 
W'l2,  using  barometer  at  30  inches,  or  180° -05  as  corrected  to 
760  mm.  of  mercury.'  At  the  present  time  it  is  179° -68,*  showing  a 
change  of  1  part  in  486  in  twenty-five  years.  This  fact  shows  that 
the  ordinary  method  of  correcting  for  change  of  zero  is  not  correct,  and 
that  the  coeflScient  of  expansion  of  glass  changes  with  time." 

I  ha?e  not  been  able  to  find  any  reference  to  the  kind  of  glass  used 
Itt  this  thermometer.    But  in  a  report  by  Mr.  Welsh  we  find  a  com- 


TABLE  VI.— COMPABISON  bt  Wblsh,  1852. 


^  Mean  of 
Kew  Standards 
Nos.  4  and  14. 


82 
38 
45 
49 
55 
50 
55 
69 
74 
80 
85 
90 
95 
101 
109 
212 


Fa8tr6  281, 
Begnault. 


00 

o 
32  • 

•71 

88  • 

•04 

45  • 

•96 

49- 

•34 

55  • 

•07 

60- 

•39 

65^ 

•93 

69  • 

•69 

74- 

•05 

80  • 

•80 

85  • 

•50 

90^ 

•86 

95- 

•77 

101- 

•16 

109- 

•00 

212  • 

•00 
•72 
•03 
•96 
•37 
•05 
•41 
•95 
•69 
•06 
•33 
•51 
•24 
•77 
■15 
•00 


J 
Kew. 


+ 
+ 

+ 
+ 
+ 


•01 
•01 
•00 
•03 
•02 
•02 
•02 
•00 
•01 
•03 
•01 
•02 
■00 
•01 
•00 


Tromrhton  and 

Simms 
(Royal  Society). 


32 
38 
45 
49 
55 
60 
65 
69 
74 
80 
85 
90 
95 
101 
109 
212 


Kew. 


•00 

0 

•70 

03 

__• 

•96 

•34 

•06 

.^* 

•36 

__  • 

•93 

•72 

+  • 

•14 

+  • 

•44 

+  • 

•56 

+  • 

•40 

+  • 

•94 

+  • 

•25 

+  • 

•00 

•01 
•01 
•00 
•00 
•01 
•03 
•00 
03 
•09 
•14 
•06 
•14 
•15 
•08 
•00 


l^ii,  made  on  March  19,  1852,  of  some  of  his  thermometers  with 
^"0  other  thermometers, — one  by  Fastr6,  examined  and  approved  by 
r^nault,  and  the  other  by  Troughton  and  Simms.  The  thermometer 
''bch  I  used  was  made  a  little  more  than  a  year  after  this;  and  it  is 


•Boiling  point,       Welsh,       Ang.  17,  1853,     212°  17;  barometer    80  in. 

'reeling  point,  »•  "  **  32°  •OS. 

BoUlng  point,     Bowland,     Jnne22,  1878,     212o^  46;  barometer  760  mm. 
.    fraeilAg  point,  ««  ♦♦  **  320'78. 

^tneMing  point  was  taken  before  the  boiling  point  in  either  case. 
'179^-70,  as  determined  again  in  Jannary,  1879. 

^Tbe  Increase  shown  here  is  1  in  80  nearly  !  It  is  evidently  connected  with  the 
\tage  ot  zero ;  for  when  glass  has  been  heated  to  100°,  the  mean  coefficient  of  ex- 
maion  between  0  and  100°  often  changes  as  much  as  1  in  50.  Hence  it  is  not 
mage  that  it  should  change  1  in  80  in  twenty-five  years.  I  believe  this  fact  has 
n  noticed  in  the  case  of  standards  of  length. 


3i)(i  IIenky  a.  Rowland 

reasonablo  to  suppose  that  llie  gias^  waii  from  tlie  eame  soured 
standards  Nob.  4  and  14  there  used.     We  also  know  that  Rtgnault  \ 
consulted  as  to  the  methods,  and  that  the  appiiratus  for  oalibratioq,! 
was  obtained  under  his  direction. 

I  reproduce  the  lahle  on  preeeding  page  with  some  alterations.  th«l 
principal  one  of  which  is  the  correction  o£  the  Troughton  and  Simma  I 
thennometers,  so  as  to  read  correctly  at  32°  and  212°,  the  caliltralioa  I 
being  assumed  correct,  but  the  divisions  arbitrary. 

It  is  seen  that  the  Kew  standards  and  the  Fastre  agree  perfectly,  bat  J 
that  the  Troughton  and  Simms  standard  stands  above  the  Kcw  ther^J 
mometers  at  100°  F. 

The  Geissler  standard  was  made  by  Geissler  of  Bonn,  and  its  s 
was  on  a  piece  of  milk  glass,  enclosed  in  a  tube  with  the  stem. 
calibration  was  fair,  the  greatest  error  being  about  0°  -015  C.  at  50° 
but  no  correction  for  calibration  was  made,  as  the  instrument  wa: 
used  as  a  check  for  the  other  thermometers. 

1   RfiI'lts  of  CoMPASihom 
Calculnlwn  Of  Air  Thvrmo'ailtcr 

This  has  already  been  dciribed,  and  it  only  remains  to  discuj 
formula  and  confitant=,  and   the  accuracy  with   which   the    diffcre 
quantities  must  be  known. 

The  well-known  formula  for  the  air  thermometer  is 

j,_  J^  Ft        1+ai'    Lt^J 

Solving  with  reference  to  T,  and  placing  in  a  more  convenieot  foia 


and 

For  the  first  bulb, 

For  the  second  bulb, 


If- 

-*'+f'^.;.< 

h'- 

r-T^<--4 

r- 

^  a  — 6  =-00364. 

i  =  -0057. 

",  =  -0058. 
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To  discuss  the  error  of  T  due  to  errors  in  the  constants,  we  must 
replace  a  by  its  experimental  value,  seeing  that  it  was  determined 
with  the  same  apparatus  as  that  by  which  T  was  found.  As  it  does 
not  change  very  much,  we  may  write  approximately 


zr,«A  —  H^ 


100 


rt 


ah     ;• 


From  this  fonnula  we  can  obtain  by  differentiation  the  error  in 
each  of  the  quantities,  which  would  make  an  error  of  one-tenth  of 
one  per  cent  in  T.  The  values  are  for  r  =  40°  nearly;  <^20°; 
fl,^— fc  =  270  mm.  ;  and  A  =:  750  mm.     If  x  is  the  variable. 


_     Z_  -  04  ^^ 
dT  1000  ~rf2* 


TABLE  VII Errors  Producino  as  Error  in  7  op  1  in  1000  at  40°  C. 


1 

1 

bim 

^ 

bim 

bioo-b        1 

H. 

Kim  or  /i. 

V 

a 

-  constant. 

a 

a 

^  constant. 

a 

^consrnt. 

a                 ' 

^consUnt.! 

AbtolQte  1 

i 

Tilne,    ,-11  mm. 

•  27  mm. 

•005 

•00074 

•00087 

•0047 

•00087       i 

_.  Ax   ! 

1 

SeUtiTe 

nine, 
A*           

.  *  • . 

0-9 

•10 

•12 

•62 

•   •  •  • 

' 

From  this  table  it  would  seem  that  there  should  be  no  difficulty  in 
detennining  the  40®  point  on  the  air  thermometer  to  at  least  1  in  2000; 
tnd  experience  has  justified  this  result.  The  principal  difficulty  is  in 
Ae  determination  of  H,  seeing  that  this  includes  errors  in  reading  the 
Ikrometer  as  well  as  the  cathetometer.  For  this  reason,  as  mentioned 
fefore,  I  have  designed  another  instrument  for  future  use,  in  which 
fte  barometer  is  nearly  dispensed  with  by  use  of  an  artificial  atmos- 
\heTe  of  constant  pressure. 

f  The  value  of  —does  not  seem  to  affect  the  result  to  any  great  extent; 

bod  if  it  was  omitted  altogether,  the  error  would  be  only  about  1  in 
lOOO,  assuming  that  the  temperature  t  was  the  same  at  the  determina- 
im  of  the  zero  point,  the  40**  point,  and  the  100°  point.  It  seldom 
•ried  much. 

The  coefficient  of  expansion  of  the  glass  infiuences  the  result  very 
%htlv^  especially  if  we  know  the  difference  of  the  mean  coefficients 
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between  0°  and  100",  and  say  —  10°  and  +  10°.     This  difference  I  i 

first  determined  from  Regnaulfe  tables,  but  afterwards  made  a  deter- 
mination of  it,  and  have  applied  the  correction." 

The  table  given  by  Regnault  is  for  one  specimen  of  gla^  only;  and 
I  sought  to  better  it  by  tating  the  espansion  at  100°  from  the  mean 
of  the  five  specimens  given  by  Regnault  on  p.  231  of  the  first  volume 
of  his  Relation  dea  Experiences,  and  reducing  the  numbers  on  page  S3T 
in  the  same  proportion.  I  thus  found  the  values  given  in  the  second 
column  of  the  following  table. 


TABLE  YIIL^CoBFFioiE 


Tempera- 

Air  Thei^ 

VBluea  of  0 
UBcdroralirBt 

6  from 
Bwrimult'B 

c(e8^£A( 
HeniuiT. 

KeKfauil-a 
V^ue  tor 

b.  uslDK 
Mercury." 

VHlue  fuT 
Merourj." 

0 

30" 

40" 
BO- 
BO" 
100" 

-OOOOSSS 
•0000363 
■0000356 

■ooooaso 

-0000363 
■0000364 

-ooooaas 

•O0O03S4 
■0000367 
■0OO02TO 
-0000373 
■0000378 

■0'0015410 
■00015898 
■00015391 

■oobVsssi 

-0000394 
■0000368 
■O0O0E81 

■0000877 

,0000344 
■0000366 
■0000267 

.6066377 

-0000378 

-0000378 
■0000378 

■ooooasT 

The  second  column  contaioe  the  values  which  I  have  used,  and  oae 

of  the  last  three  columns  contains  my  experimental  results,  the  last 
being  probably  the  best.  The  errors  by  the  use  of  the  second  column 
compared  with  the  last  are  as  follows: — 


„=  0000008  instead  of    0000011; 
=  0000264  instead  of  -0000287; 


^^^from  using  5,™- 

■Un  fr°™  "^ing  6,„o 

or,  ^TjVir  ^'^^  both  together. 

As  the  error  is  so  small,  I  have  not  thought  it  worth  while  to  entirely 
recalculate  the  tables,  but  have  calculated  a  table  of  corrections  (see 
opposite  page),  and  have  so  corrected  them. 


"ThlB  ■ 


.8  dete 


Jbyn 


carj  had  been  carefully  boiled. 

thermometer,  and  tbey  wore  ca 

I'Relatious  des  Expfrlences,  : 

I'Experlmcntnl  Pliysik,  Wull 


8  of  a  large  weight  thermometer  Id  which  the  n 
The  glass  was  from  the  Banie  tube  as  that  of  the 
rrom  it  within  a  few  lnebeB  of  each  other. 
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T=T\l-\- 373 (J(oo  -  *io.)  -  (273  +  T){V -  ^) }, 
T=  T'jl  — .000858 +  (273+ r')(^  — J')}, 

r=  -99975  T  approximately  between  0  and  40*'.  The  last  is  true 
within  less  than  tcVit  of  a  degree. 

The  two  bulbs  of  the  air  thermometer  used  were  from  the  same  piece 
of  glass  tubings  and  consequently  had  nearly^  if  not  quite^  the  same 
coefficient  of  expansion. 

In  the  reduction  of  the  barometer  and  other  mercurial  columns  to 
zero^  the  coefficient  -000162  was  used^  seeing  that  all  the  scales  were 
of  brass. 

In  the  tables  the  readings  of  the  thermometers  are  reduced  to 
volumes  of  the  tube  from  the  tables  of  calibration,  and  they  are  cor- 
rected for  the  pressure  of  water,  which  increased  their  reading,  except 
at  0%  by  about  0^-01  C. 

TABLE  IX. — Tablb  of  Corrbotions. 


T 

r 

Correction. 

Calculated 
Temperature. 

Corrected 
Temperature. 

o 
0 

10 

20 

80 

40 

50 

60 

80 

100 

8 

9-9971 
19-9946 
29-9924 
89-9907 
49-9894 
59-9865 
79-9880 
100- 

0 
•0029 

—  0054 

—  0076 
•0098 

—  0106 

—  •0185 

—  •0120 

0 

The  order  of  the  readings  was  as  follows  in  each  observation: — 1st, 
barometer;  2d,  cathetometcr;  3d,  thermometers  forward  and  backward; 
4th,  cathetometer;  5th,  barometer,  &c., — repeating  the  same  once  or 
twice  at  each  temperature.  In  the  later  observations,  two  series  like 
the  above  were  taken,  and  the  water  stirred  between  them. 

The  following  results  were  obtained  at  various  times  for  the  value  of 
a  with  the  first  bulb: — 

-0036664 

•0036670 

•0036658 

•0036664 

•0036676 


Mean  a  =  -00366664 
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oblainpti  by  using  the  coefScient  of  expansion  of  glass   •(ii'iJ0?()4  at 
KIO",  or  a^  -0036698,  using  the  coefficient  -0000287. 

The  themionietera  Nos.  6163,  6165,  6166,  were  always  taken  out  of 
the  bath  when  the  temperature  of  40"  waa  reached,  except  on  Novem- 
ber 14,  when  they  remained  in  throaghont  the  whole  experiinpiit. 

The  thermometer  readings  nre  reduced  to  volumes  by  the  inhles  oi^ 
ciilibration. 


TABLE  X.-lsT 

Sehibs 

Nov.  14, 

87T. 

RelHUve 

Air 

^ 

V 

I' 

J 

Weight. 

tut 

am. 

nw. 

0 

116-33  I 

31   SB 

6-147 

0 

0 

1T--14-JS 

133-84 

asfi-80 

15- BBS 

l7»-fl«l 

-2S6 

gBO'TSS 

63*-71 

341  on 

in. 157 

B4"-0W1 

-306 

80'  BBS 

eftM'M 

431'71 

23)433 

so°-aBe 

-314 

38"-6a» 

798- 18 

S7- 175 

a8»-BS5 

-ass 

ss»u 

Sl°-830 

•380 

B»"1II7 



3S-3S4 

SB--4M 

■815 

The  first  four  series,  Tables  X  to  XIII,  were  made  with  one  bulb 
to  the  air  thermometer.  A  new  bulb  was  now  made,  whose  capacity 
was  192-0  c.  cm.,  that  of  the  old  being  201-98  c.cm.  The  value  of  " 
for  the  new  bulb  was  -OO.'iS.  The  values  of  /*'  and  u  were  obtained  as 
follows:— 


June  Slh 

•O03iiO7!)O 

753'ST(; 

June  32d 

■00366077 

753^805 

June  25th 

■003G6779 

753 '837 

^lean 

■0036685 

753^8+ 

f  «  is  calculated 

with  the  old  coefficient  f.. 

Tliir-  vahic  of  «  is  calculated  with  the  old  coefficient  !'<'r  glass.     The 
new  would  have  given  ■003(1717. 

It  now  remains  to  determine  from  these  experiments  the  most  prob- 
able valnes  of  the  constants-  in  the  formula,  comparing  the  air  with 
the  mercurial  themiomotor.     The  formula  i?,  as  wo  have  found, 

t=T—at{l'  ~n{b~l)-' 
but  I  have  genernllv  used  it  in  the  following  form: 


-CV-/,- 


m/{100  — /)(1- 
-mli-iO  — /)(l- 


n(100  +  /)), 
n{iO  +t)). 
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And  the  following  reUtionB  hold  among  the  constantB: 
C  =  C"  (1  +  IB  (60  —  8400  n)) ,  nearlj , 


T=cr—t., 

In  these  formulte  (  is  the  temperature  on  the  air  thermometer;  V  ie 
the  volume  of  the  stem  of  the  mercurial  thermometer,  as  determined 
from  the  calibration  and  measured  from  any  arbitrary  point;  and  C, 
f  D,  m,  and  n  are  constante  to  be  determined. 

The  best  way  of  finding  these  is  by  the  method  of  least  squares. 
C  must  be  found  very  exactly;  („  is  only  to  be  eliminated  from  the 
equations;  m  must  be  found  within  say  ten  per  cent,  and  n  need  only 
be  determined  roughly.  To  find  them  only  within  these  limita  is  a 
very  difficult  matter. 

Delerminaliim  of  fi 

As  this  constant  needs  a  wide  range  of  temperatiires  to  produce  much 
effect,  it  can  only  be  determined  from  thermometer  No.  6167,  which 
was  of  the  same  glass  as  6163,  6165,  and  6166.  It  is  unfortunate  that 
it  was  broken  on  November  91,  and  so  we  only  have  the  experiments 
of  the  first  and  second  series.  From  these  I  have  found  n^-003 
nearly.  This  makes  h  ^  23.^°,  which  is  not  very  far  from  the  values 
found  before  from  experiments  above  100°  by  Begnault  on  ordinary 
glass." 

Determination  of  C  and  m 

I  shall  first  discuss  the  determination  of  these  for  thermometers 
Nos.  G163,  6165,  and  6166,  as  these  were  the  principal  ones  used. 

As  No.  6163  extended  from  0°  to  40°,  and  the  others  only  from 
0°  to  30°,  it  was  thought  best  to  determine  the  constants  for  this  one 
first,  and  then  find  those  for  G165  and  6166  by  comparison.  As  this 
comparison  is  deduced  from  the  same  experiments  as  those  from  which 
we  determine  the  constants  of  6163,  very  nearly  the  same  result  is 


IS  Some  eiperiments  with  Baodin  thermoi 
le  about  340°,— a  remarkable  agreemenl,  a.. 


1  temperatures  liave  give 


On  the  Mechanical  Equivalent  op  Heat  377 

found  as  if  we  obtained  the  constants  directly  by  comparison  with  the 
air  thermometer. 

The  constants  of  6163  can  be  found  either  by  comparison  with  6167, 
or  by  direct  comparison  with  the  air  thermometer.  I  shall  first  deter- 
mine the  constants  for  No.  6167. 

The  constants  C  and  t^  for  this  thermometer  were  found  directly 
by  observation  of  the  0°  and  100°  points;  and  we  might  assume  these, 
and  so  seek  only  for  m.  In  other  words,  we  might  seek  only  to  ex- 
press the  difference  of  the  thermometers  from  the  air  thermometer 
by  a  formula.  But  this  is  evidently  incorrect,  seeing  that  we  thus 
give  an  infinite  weight  to  the  observations  at  the  0**  and  100°  points. 
The  true  way  is  obviously  to  form  an  equation  for  each  temperature, 
giving  each  its  proper  weight.  Thus  from  the  first  series  we  find  for 
No.  6167,— 

Weight.  Equations  of  Condition. 

4  0       =   6-147  C  —  %, 

4  17^-427  =  16-685  C  — fo  — 930  m, 

4  23^-793  =  19157  C  —  ^o  — 1140m, 
&c.  &c.  &c. 

5  100**       =60-156  C  — fo, 

which  can  be  solved  by  the  method  of  least  squares.  As  f©  is  unim- 
portant, we  simply  eliminate  it  from  the  equations.  I  have  thus 
found, — 

Weijfht. 

1  Nov.  14  C  =  1-85171         m= -000217 

2  Nov.  20,21         C  =  1-85127        m=  000172 


Mean  (7  =  1-85142        m  = -000187 

The  difference  in  the  values  of  m  is  due  to  the  observations  not  being 
so  good  as  were  afterwards  obtained.  However,  the  difference  only 
signifies  about  0°03  difference  from  the  mean  at  the  50°  point.  After 
November  20  the  errors  are  seldom  half  of  this,  on  account  of  the 
greater  experience  gained  in  observation. 

The  ratio  of  C  for  6167  and  6163  is  found  in  the  same  way. 

Wcitrht. 

1  Nov.  14  0310091 

2  Nov.  20  -0309846 

Mean  0309928 
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Honce  for  G1G3  we  have  in  this  way 

C'  = -05:381  C"  = -(156995  m  = -OOOIS:. 

By  direct  cnmparisoii  of  Xo.  (!l(i3  with  the  air  therniometer,  we  find 


the  following 

Daw. 

Nov.  14 
Nov.  2(1 
Jan.  25 

« 

elglit. 
1 
2 
3 

■056920 
■056985 

■056986 

-000239 
■000166 
■000226 

Feb.  11 
.Tune    8 
June  23 

4 
3 

2 

lean 

■05G997 
■0569G1 
■05G959 

■00015.) 

■oouori 

.00011.) 

:3 

■  05(59  rr.  ± 

000004 

■000154  ±   000010 

The  values  of  ("  agree  with  each  other  with  great  exactness, 
the  probable  error  is  only  ±0-°003  C.  at  the  40"  point. 

The  great  differences  in  the  values  of  m,  when  we  estimate  exactl; 
what  they  mean  in  degrees,  also  ahow  great  exactness  in  the  eipei 
ments.  The  mean  value  of  m  indicates  a  difference  of  only  0' 
between  the  mercurial  and  air  thermometer  at  the  20°  point,  the  0' 
and  40°  points  coinciding.  The  probable  error  of  m  in  degrees  is  onl 
±  0°.003  C. 

There  is  one  more  method  of  finding  m  from  these  experiments;  ai 
that  is  by  comparing  the  values  of  C  with  No.  GltiT,  the  glass  of  611 
being  supposed  to  be  the  same  as  that  of  6163, 

We  have  the  formula 

C  =  r  (1  +  34-8  HI). 
Hence 

„     o—r 


"  "  3VSf ■' 

We  thus  oljtn 

n  the  following 

results: 

D«te. 

Weight. 

Varoeof  m 

Nov.  14 

1 

■000236 

Nov.  20 

2 

■000218 

Jan.  25 

3 

■ooo2ir 

■ 

Feb.  11 

4 

■00019? 

1 

June    8 

3 

■000215 

1 

June  22 

2 

-000316 
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The  results  for  m  are  then  as  follows: 

JFrom  direct  comparison  of  No.  G16T  with  the  air  thermometer  -000187 
From  direct  comparison  of  Xo.  6163  with  the  air  thermometer  -000154 
From  comparison  of  Xo.  6163  with  Xo.  6167  -000213 

The  first  and  last  are  imdoubtedly  the  most  exact  numerically,  but 
they  apply  to  Xo.  6167,  and  are  also,  especially  the  first,  derived  from 
Boniewliat  higher  temperatures  than  the  20°  point,  where  the  correc- 
tion is  the  most  important.  The  value  of  m,  as  determined  in  either 
of  these  ways,  depends  upon  the  detennination  of  a  difference  of  tem- 
perature amounting  to  0°-30,  and  hence  should  be  quite  exact. 

The  value  of  tn,  as  obtained  from  tlie  direct  comparison  of  Xo.  6163 
irith  the  air  thermometer,  depends  upon  the  detennination  of  a  differ- 
ence of  about  0°-05  between  the  mercurial  and  the  air  thermometer. 
At  the  same  time,  the  comparison  is  direct,  the  temperatures  are  the 
same  as  we  wish  to  use,  and  the  glass  is  the  same.  I  have  combined 
the  results  as  follows: 

m  from  Xo.  6167  -000200 

m  from  Xo.  6163  -000154 


Mean  -00018 


16 


It  now  remains  to  deduce  from  the  tables  the  ratios  of  the  constants 
for  the  different  thermometers. 

The  proper  method  of  forming  the  equations  of  condition  are  as 
follows,  applying  the  method  to  the  first  series : 


Weight. 

4  21-25  C\^,  =  115-33  C^^v, 

4  255-80  C^^^  =  422-84  C^  —  r, 

4  34 1  -05  C^^,  =  534-71  C\  —  v. 

5  431-71  C,,,  =  653-49  C^  —  r„ 

-There  C,,,  is  the  constant  for  Xo.  6166,  (7,  is  that  for  Xo.  6163,  and 
^  is  a  constant  to  be  eliminated.     Dividing  by  C,,  the  equations  can 

t  solved  for  -4^".    The  following  table  gives  the  results : 

^/ 

**8ee    Appendix   to  Tbermometry,  where  it  is  finally  thought  best  to  reject  the 
tee  from  Ko.  6167  altogether. 
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TABLE  XVI.— RinoB  or  CovnAHn. 


am.    |wei«ht-j       ^ 

HK 

^      1      ra      1     ^ 

So».    1*  '       1 
Sot.  ao       a 

Jan.     S»          3 

12, '1,  ; 
'"•"1  " 

■oaioog 

'0809 B3 

-Hoero 

i-sin          1    ...    . 

1-S188       1       '     

iwa     ]     

I'SIIS       1       8-0688             6-1M9 
l-3t08      1      SOSOfi           6-1M9 
1-Sia       1       8-0686             S-I428 

-  I 

.OSOPM 

i.OOOM 

.HUM 
dr.OBOOOS 

l.SltTS     ,       e.OSM             «.1«S1 
±    .0001          *    .0002          ±-00(M 

Die  regglta: 


FnnD  tbese  we  bare  the  folloiriiig,  as  the  final  most  probable  reenlta: 
(,'„  =  8-0601  0„ 
C.„=l-3U75  0„ 
C,   =    -031003(7^, 
O^  =   -24991  C„, 

of  which  the  last  three  are  only  used  to  calcalate  the  temperatf 

the  merconal  therm  otneter,  and  hmce  are  of  little  importanoe  in  the 

reoamder  of  this  paper. 

Th«  Talne  of  C  irtiich  we  hare  foond  for  the  old  ntlne  of  the  coeflB- 
dent  of  expaosioD  of  glass  was 

and  hence,  corrected  to  the  new  coefficient,  it  is,  as  I  hsTe  shown, 

r,    =.056963. 
Heuc^.  r..  ---loSlS. 

r.._  =  -*.»:4T3o. 

And  we  h.ive  finalW  the  three  following  equations  to  reduce  the  ther- 
mometers to  temwra:t:res  on  the  air  thermometer: 

Thermometer  Xo.  t"lt'3: 
r=-0.?.i:;i>':e  r-  — ;■,  — -tVOl?  TyiO  —  Tni- 

r=-t?i>U  r-  — i,'  — -(VHM?  T  tT  — 40t  (1- 
The-^oT-evr  No.  tU^^: 

r=  o:-(:?.*  v  ■  —  ;,■•_  vxxn?  r  >T  —  iy»  (i  — -003  (7+40)); 

wr.;Te  y.  I',  sr.^  V"*  sre  :he  v,>':;~es  of  the  tube  obtained  br  call- 

brs:;i.T.;  r, ,  :, '.  s::o,  :.'    .^re  lOr.sTsn:?  depending  on  the  lero  point,  and 


003  (r  -I-  40)). 
-CK>3  (r-^40». 
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o£  little  importance  where  a  difference  of  temperature  is  to  be  meas- 
ured; and  T  is  the  temperature  on  the  air  thermometer. 

On  the  mercurial  thermometer,  using  the  0°  aud  100°  points  as  fixed, 
we  have  the  following  by  comparison  with  No.  G167: 

Thermometer  No.  6163;  i  =  -057400  7  — (,; 

Thermometer  No.  6165;  i=-46265  F  — i,; 

Thermometer  No.  6166;  (= -075281  V  —  t^. 

The  Kew  Standard 

The  Kew  standard  must  be  treated  separately  from  the  above,  as  the 
glass  is  not  the  same.  This  thermometer  has  been  treated  as  if  its 
scale  was  arbitrary. 

In  order  to  have  variety,  I  have  merely  plotted  all  the  results  with 
this  thermometer,  including  those  given  in  the  Appendix,  and  drawn 
a  curve  through  them.  Owing  to  the  thermometer  being  only  divided 
to  i'  F.,  the  readings  could  not  be  taken  with  great  accuracy,  and  so 
the  results  are  not  very  accordant;  but  I  have  done  the  best  I  could, 
and  the  result  probably  represents  the  correction  to  at  least  0°-03  or 
0°-03  at  every  point. 

(d)  Kedactioti  to  the  Abaolnte  Scale 

The  correction  to  the  air  thermometer  to  reduce  to  the  absolute 
scale  has  been  given  by  Joule  and  Thomson,  in  the  Philosophical 
Transactions  for  1854;  but  as  the  formula  there  used  is  not  correct, 
I  have  recalculated  a  table  from  the  new  formula  used  by  them  in  their 
paper  of  1862. 

Tbat  equution,  which  originated  with  Rankiue,  can  be  placed  in  the  form 

where  p,  v,  and  /i  are  the  pressure,  volume,  and  absolute  temperature 
of  a  given  weight  of  the  air;  ZJ  is  its  density  referred  to  air  at  0*  C. 
and  760  mm.  pressure:  //o  is  the  absolute  temperature  of  the  freezing 
point;  and  m  is  a  constant  which  for  air  is  O'-SS  C. 
For  the  air  thermometer  with  constant  volume 

7'=100  P'-P-'i 
pi- -A 


=  (,._;,,)(l+«/)(A-£)); 


from  which  I  have  calculated  the  following  table  of  corrections: 
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TABLE  7CVU. — Rrduction  of  Aih  THEimaHtiTiti)  T 


Air  Tbti'isgtnet^r. 

AbBolBto  Twnperalurp. 

S 

0 

n 

—  (1028 

20 

HP-WIS8 

—  (HM* 

SI) 

att-UUSlP 

—  00«1 

minus!) 

— moi 

SO 

4fliKia3 

—  0088 

m 

5«9»a7 

—  OOflS 

TO 

m  ■  iiu4ft 

—  OOM 

M 

71l-»116fl 

—  0041 

UO 

HO -HOTS 

100 

100-000 

0 

300 

:iOO'(eT 

+  ■037 

aoo 

300-092 

■F-Olld 

4oa 

-tOO-IBT 

■f.lB7 

son 

soo-aat 

+  '3SS 

It  ie  a  eiiriouB  cirt:muBtanoc,  that  the  point  of  maximuut  diiTerence 
occurs  at  about  the  same  point  as  in  the  compiiriton  of  the  mercurial 
and  Rir  thermometers. 

From  the  previous  formula,  ami  from  this  tahie  of  correc-fions,  the 
following  Inbles  were  coiiiitriifted. 
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1  308 
S  4M 

1  ni 


1  3dlt 

4   5 

8  604 


~S0  I   1U  44U  I 


Hi 

4^ 

111 

111 

ll 

Us 

^s- 

=1 

s^e? 

ss^S 

gi" 

s=l 

—  911 

—  on 

40 

20   -1^7 

0  4011 

(    l-iO 

20  345 

0 

0 

50 

Jl   8  0 

21   fits 

ai  4-* 

1  45 

+    814 

+      14 

eo 

38  776 
S      N4 

2J  Sltl 

ss  in 

55 

1  61 

32  %54 

2  4   1 

4B0 

2S0 

34  H(.9 

4  810 

4        1 

4        0 

3  ^S4 

4  TO 

■S   ••  3 

00 

6  001 

86  90 
27  OOfl 

■i      'yl 

6  l)5t 

48 

S  1  11 

■i  Si 

110 

11 

h  US 

t)  11  0 

(i  94S 

1  0 

0    IMi 

s  onit 

9  11(0 

■140 

1 

in  ti4 

11  -11 

10    HI 

" 

/" 

IH    IJ7 

40  <I09 

10  Zi 

1!)  J1 

TABLE  XIX.— Thkhhombtiii  No.  i 


13S7 
3' SOT 
3-Sllt 

n-OffJ 
S  !H« 

(1-801 


1-876 
2  !ISO 


IMl    S-U14        8-SOO 
Kdl    H-48U  I     9.»08 


IMI  18-900 
--.  13-760 
»  14-fll1> 
no    13-47B 


13-055 

14- BOH 
1.^  <  3fl2 
IS -2 15 


e§| 


457 

_ 

S 

0 

4S7 

+ 

4 

KAK 

:i 

174 

a 

a 

1 

ORD 

(X 

B67 

S4I 

4 
5 
(t 

8. 

S1)0 

5: 

4.'i» 

H 

4 

HM4 

0 

H? 

lfi« 

If) 

Ii 

(Ma 

11 

ni 

Kun 

11 

w 

74« 

la 

7 

(till 

1.1 

5' 

4SH 

14 

4! 

IS 

157 

1(1 

15 

,s 

it 

5  « 

1      " 

nr- 

S 

H.^^ 

sao 

17.f9« 

I 

MO 

IH 

(156 

250 

IH 

917 

1 

260 

771 

1 

270 

ao 

H21 

2 

280 

!!l 

4(U) 

^ 

290 
800 

SOB 
144 

« 

310 

!ffl 

«74 

■-> 

320 

796 

330 

a5 

BIH 

i 

340 

Bfl 

43;( 

I 

»50 

860 

an 

ri49 

2 

870 

MM 

KM 

! 

am 

2U 

6.11 

400 

ai 

44tt 
P4» 

8 

410 

SA 

.' 

420 

a3-8Bl 

8 

II 


0«7 
fl2() 

17 
17 

778 

681 

111 

tfia 

:m) 

30(1 

21 

aa 

»6« 

■i-j 

mi 

m 

a4 

■•r, 

Hrt 

OSfl 

an 

H37 

«7 

637 

«H 

426 

aiM 

HO 

on 

30 

H29 
611 

31 
33 

TABLE  XX  —  Tbekmometbb  Mo.  81S6. 


■•°  I  Ills 
Nii 


»-H67 
I  10-288  '  10151 
11-017  10-OSS 
I]-8tl5  I  11-717 
I3-»8»  1S486 
1S-S70      I3-a71 


4-f>SS   I 


I   Ifi 


-583 


§i. 


S«4 

_ 

T.1» 

.^^H 

836 

nn 

8 

685 
438 

4 

n 

21  a 

0 
6 

7 

823 

10S 

10 

KM7 

10 

WT 

444 

12 

317 

13 

088 

7B6 

U 

SJ6 

" 

Ip' ill's 
sill 


''H 


1 
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In  using  these  tables  a  correction  is  of  couree  to  be  made  should  t 
lero  point  change. 


Corroctloii  In 

0' 

0 

10" 

OS 

so° 

05 

SO' 

08 

to* 

OT 

60" 

07 

flO" 

OS 

70" 

H 

80" 

oa 

HO" 

01 

lOO" 

"°       1 

Appendix  to  Thennotnetiy 

The  last  of  January,  1879,  Mr,  S,  W.  Holman,  of  the  Massachuaetts 
Institute  of  Technology,  came  to  Baltimore  to  compare  some  theirmom- 
eters  with  the  air  tbennoraeter;  and  by  hifi  kindness  I  will  give  here 
the  results  of  the  comparison  which  we  then  made  together. 

Ab  in  this  comparison  some  thermometers  made  by  Pastr^  in  1851 
were  used,  the  results  are  of  the  greatest  interest. 

The  tables  are  calculated  with  the  newest  value  for  the  coefBcient  of 
expansion  of  glass.  The  calibration  of  all  the  thermometers,  except 
the  two  by  Caselia,  has  been  examined,  and  found  good.  The  Casella 
thermometers  had  no  reservoir  at  the  top,  and  could  not  thus  be  readily 
calibrated  after  being  made.  The  Geissler  also  had  none,  but  I  suc- 
ceeded in  separating  a  column. 

The  absence  of  a  reservoir  at  the  top  should  immediately  condemn 
a  standard,  for  there  is  no  certainty  in  the  work  done  with  it. 

From  these  tables  we  would  draw  the  inference  that  No.  6163  repre- 
sents the  air  thermometer  with  considerable  accuracy.  At  the  same 
time,  both  tables  would  give  a  smaller  value  of  m  than  I  have  used, 
and  not  very  far  from  the  value  found  before  by  direct  comparison, 
namely,  -00015. 

The  difference  from  using  m  =  '00018  would  be  a  little  over  0''-01  C. 
at  the  20°  point. 

All  the  other  thermometers  stand  ahove  the  air  thermometer,  between 
0°  and  100°,  by  amounts  ranging  between  about  ©"-OS  and  0°-35C., 
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TABLE  XXIL— Sktrntb  Sbbisb 


% 


3D-4W«a 

B.4S113' 
6MJ. 


»■» 

UK 

»'M 

IW'OS 


76-90 

86-88 
103 -73 
103- SS 


Bsductd  Be&dlafB. 


TABLE  XXin.— EiQHTH  Srbiis. 


Italil.   BaudlD.  Fulre.'OaMlIa^; 


B-9  a8-o» 
318-85  S9-2« 
378-0  60-67 
4SO-0  60-93 
490-6  73-50 
&66-S5  86-10 
SfiO-a  I  S5-ai 
634-93  99-70 


19-1-a  '  70' 

25a-3   .  90 

1  103 

348 -a  :ia» 

396-45140 
466-85165 

ll31<3S't8S 
525  115186 
600-58312 


7a8tr«.   BxDdln.    ruErf,   Ouells. 


64 
H3 

s 

HI) 

ai 

UK 

H» 

4FI 

K9 

Hi) 

60 

m 

BO 

93 

73 

66 

Hit 

46 

00 

H6 

$  stftnding  below.     Indeed,  no  table  has  ever  been  publiehed  Gbow- 
[  any  thermometer  standing  below  the  air  thermometer  between  0° 


llTIlv  oH^tiBt   reading!  In  ioe   were  68-68  and  58-45,  to  wlilch 
r  for  the  jirosanre  of  water  iu  tbe  comparator.     This, 

«  If  -IG  were  eabtracted  from  sub  at  tbe  oibet  tempt 
■  loade  to  the  othera, 
aoine  error  of  reading. 
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and  lOU".  By  inference  from  experiments  above  100°  on  cryetal  glaafl 
by  Hegnault,  thermometere  of  this  glass  ehouid  stand  below,  but  it 
never  seems  to  have  been  proved  by  direct  esperiment.  The  Fagtrfi 
tliermometerg  are  probably  made  of  this  glaas,  aad  my  Baudin's  cer- 
tainly contain  lead;  and  yet  these  stand  above,  though  only  to  a  small 
amonnt,  in  the  case  of  the  Fastr^'B. 

The  Geissler  still  seems  to  retain  its  pre-eminence  as  kaving  tli^i^^^ 
greatest  error  of  the  lot.  ^H 

The  Bandin  thermometers  agree  well  together,  but  are  evidently 
made  from  another  lot  of  glass  from  the  No.  6167  used  before.  These 
last  two  depart  less  from  the  air  thermometer.  The  explanation  is 
plain,  as  Baudin  had  manufactnred  more  than  one  thousand  ther- 
mometers between  the  two,  and  so  had  probably  used  up  the  first  stock 
of  glass.  And  even  glass  of  the  same  lot  differs,  especially  as  Reguault 
has  shown  that  the  method  of  working  it  before  the  blow-pipe  affects 
it  very  greatly. 

It  is  very  easy  to  test  whether  the  calorimeter  thermometers  are  of 
tlie  same  glass  as  any  of  the  others,  by  testing  whether  they  agree  with 
No.  6163  throughout  the  whole  range  of  40°.  The  difference  in  the 
values  of  m  for  the  two  kinds  of  glass  will  then  be  about  '003  of  the 
difference  between  them  at  30°,  the  0°  and  40°  points  agreeing.  The,, 
only  difficulty  is  in  calibrating  or  reading  the  100°  thermometers  ac( 
ately  enough. 

The   Bnudin    thermometers   were   very   well    calibrated,   and    were^ 
graduated  to  -^'5°  C,  and  so  were  best  adapted  to  this  kind  of  work. 
Hence  I  have  constructed  the  following  tables,  making  the  0°  and  40° 
points  agree. 


The 
accwbj^l 

were^^ 


TABLE  XXIV— CoMPAHiBOB  e 


0   THX   BlVDIN   STAHDlRns. 


«1» 

i  R3*' 

;jw.«i 

DilTereDcc. 

"«■» 

7B1B.W 

Diff«reiioe. 

0 

0 

0 

0 

0 

0 

;        12-699 

18-873 

+  -03fl 

11 -609 

11'684 

+  -cm 

20-547 

30-6.53 

—  006 

20-783 

aO-746 

+  ■018 

'       34.604 

24-567 

+    037 

33-ao« 

SiJ-311 

--008 

'       28-564 

+    014 

39' 35s 

39-358 

0 

i       39-337 

39337 

0 

"A  correction  of  D^'Ol  1^88  made  to  tbe  zero  point*  ot  these  Ibermometera  o 
■not  of  the  preesare  o(  the  water. 
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Taking  the  average  of  the  two,  it  would  seem  that  No.  6163  stood 
about  015  higher  than  the  mean  of  7334  and  7316  at  the  20''  point, 
or  6163  has  a  higher  value  of  m  by  -000045  than  the  others. 

These  differ  about  -17  from  the  air  thermometer  at  40®,  which  gives 
the  value  of  m  about  -000104.  Whence  m  for  6163  is  -00015,  as  we 
have  found  before  by  direct  comparison  with  the  air  thermometer. 

I  am  inclined  to  think  that  the  former  value,  -00018,  is  too  large, 
and  to  take  -00015,  which  is  the  value  found  by  direct  comparison,  as 
the  true  value.  As  the  change,  however,  only  makes  at  most  a  diflfer- 
ence  of  0*01  at  any  one  point,  and  as  I  have  already  used  the  previous 
nine  in  all  calcidations,  I  have  not  thought  it  worth  while  to  go  over 
•11  my  work  again,  but  will  refer  to  the  matter  again  in  the  final 
wsnlts,  and  then  reduce  the  final  results  to  this  value. 

m.— CALORIMETRY 

(a)  Specific  Heat  of  Water 

The  first  observers  on  the  specific  heat  of  water,  such  as  De  Luc, 

completed  the  experiment  with  a  view  of  testing  the  thermometer;  and 

ft  is  curious  to  note  that  both  De  Luc  and  Flaugergues  found  the  tem- 

pwature  of  the  mixture  less  than  the  mean  of  the  two  equal  portions 

rf  which  it  was  composed,  and  hence  the  specific  heat  of  cold  water 

iigher  than  that  of  warm. 
The  experiments  of  Flaugergues  were  apparently  the  best,  and  he 

found  as  follows :  * 

3  parts  of  water  at  O''  and  1  part  at  SO''  R.  gave  19° -86  R. 
2  parts  of  water  at  O''  and  2  parts  at  SO''  R.  gave  39°-Sl  R. 
1  part  of  water  at  O''  and  3  parts  at  SO''  R.  gave  59" -87  R. 

But  it  is  not  at  all  certain  that  any  correction  was  made  for  the 
pecific  heat  of  the  vessel,  or  whether  the  loss  by  evaporation  or  radia- 
ion  WBS  guarded  against. 

The  first  experiments  of  any  accuracy  on  this  subject  seem  to  have 
ten  made  by  F.  E.  Neumann  in  1S31."  He  finds  that  the  specific 
eat  of  water  at  the  boiling  point  is  10127  times  that  at  about  28"  C. 

The  next  observer  seems  to  have  been  Regnault,"  who,  in  1S40, 

•Gehler,  Phya.  Wortcrbnch,  i,  641. 
^Togg   Ann.,  xxiii,  40. 
"Ibid.,  U,  T2. 
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found  the  mean  specific  heat  between  100°  C.  and  16'  C.  to  be  l-007(>9  ^ 

and  1-00890  times  that  at  about  14°. 

But  the  principal  experiments  on  the  subject  were  published  by 
Regnault  in  1850,"  and  these  have  been  accepted  to  the  present  time. 
It  is  unforlunale  that  these  esperiments  were  ail  made  by  mixing  water 
above  100°  with  water  at  ordinary  temperatures,  i(  being  assumed  that 
water  at  ordinary  temperaturts  changes  liltle,  if  any.  An  interpolation 
formula  was  then  found  to  represent  the  results;  and  t(  was  asstimeil 
that  the  same  formula  held  at  ordinary  temperature,  or  even  as  low 
as  0°  0.  It  is  true  that  Regnault  experimented  on  the  subject  al 
points  around  4°  C.  by  determining  the  specific  heat  of  lead  in  water 
at  various  temperatures;  but  the  results  wvre  not  of  sufficient  accuraoy 
to  warrant  any  conclusions  except  that  the  variation  was  not  great. 

Boscha  has  attempted  to  correct  Kegnault's  result  so  as  to  reduce 
them  to  the  air  thermometer;  but  Regnault,  in  Cotnptes  Eemius,  has 
not  accepted  the  correction,  as  the  results  were  already  reduced  to  the 
air  thermoraeter. 

Him  (Caviptex  Jiendusj  !xs,  fl93,  831)  has  given  the  results  of  some 
experiments  on  the  specific  heat  of  water  at  low  temperatures,  which 
give  the  absurd  result  that  the  specific  heat  of  water  increases  about 
sis  or  seven  per  cent  between  zero  and  IS"!  The  method  of  e\j>eri- 
ment  was  to  immerse  the  bulb  of  a  water  thermometer  in  the  water 
of  the  calorimeter,  until  the  water  had  contracted  jost  so  much,  when 
it  was  withdrawn.  The  idea  of  thus  giving  equal  quantities  of  heat 
to  the  water  was  excellent,  but  could  not  be  carried  into  execution 
without  a  great  amount  of  error.  Indeed,  experiments  so  full  of  error 
only  confuse  the  phvi^icist,  and  are  worse  than  useless. 

The  experiments  of  Jamin  and  Amnury,  by  the  heating  of  water  by 
electrieity,  were  better  in  principle,  and,  if  carried  out  with  care,  would 
doubtless  give  good  result^;.  But  no  particular  care  seems  to  have 
been  taken  to  determine  the  variation  of  the  resistance  of  the  wire 
with  accuracy,  and  the  measurement  of  the  temperature  is  passed  over 
as  if  it  were  a  very  simple,  instead  of  an  immensely  difficult  matter. 
Their  results  are  thus  to  be  rejected;  and,  indeed,  Regnault  does  not 
accept  them,  but  believes  there  is  very  little  change  between  5°  and  25°. 

In  PoggendorlT's  .\iuia)en  for  ISTO  a  paper  by  Pfaundler  and  Platter 
appeared,  giving  the  residts  of  experiments  around  4°  C.  and  deducing 
the  remarkable  result  that  water  from  0°  to  10°  C.  varied  as  much  os 
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twenty  per  cent  in  specific  heat,  and  in  a  very  irregular  manner, — first 
decreasing,  then  increasing,  and  again  decreasing.  But  soon  after  an- 
other paper  appeared,  showing  that  the  results  of  the  previous  experi- 
ments were  entirely  erroneous. 

The  new  experiments,  which  extended  up  to  13°  C,  seemed  to  give 
to  increase  of  specific  heat  up  to  about  6°,  after  which  there  was  appar- 
ently a  decrease.  It  is  to  be  noted  that  Geissler's  thermometers  were 
^,  which  I  have  found  to  depart  more  than  any  other  from  the  air 
thermometer. 

But  as  the  range  of  temperature  is  very  small,  the  reduction  to  the 
»ir  thennometer  will  not  affect  the  results  very  much,  though  it  will 
wmewhat  decrease  the  apparent  change  of  specific  heat. 

In  the  Journal  de  Physique  for  November,  1878,  there  is  a  notice  of 
wme  experiments  of  M.  von  Munchausen  on  the  specific  heat  of  water. 
The  method  was  that  of  mixture  in  an  open  vessel,  where  evaporation 
DJight  interfere  very  much  with  the  experiment.  No  reference  is  made 
to  the  thermometer,  but  it  seems  not  improbable  that  it  was  one  from 
Ceifider;  in  which  case  the  error  would  be  very  great,  as  the  range  was 
Ittge,  and  reached  even  up  to  70  °C.  The  error  of  the  Geissler  would 
^  in  the  direction  of  making  the  specific  heat  increase  more  rapidly 
^  it  should.  The  formula  he  gives  for  the  specific  heat  of  water  at 
tte  temperature  t  is 

1  4-  -000302  t. 

I  i«8nming  that  the  thermometer  was  from  Geissler,  the  formula,  re- 
!   fcced  to  the  air  thermometer,  would  become  approximately 

1_. 00009  /+  0000015  t\ 

Had  the  thermometer  been  similar  to  that  of  Kecknagel,  it  would 
.  itTe  been  1  +  -000045  t  +  000001  t\ 

It  is  to  be  noted  that  the  first  formula  would  actually  give  a  decrease 
;  fif  specific  heat  at  first,  and  then  an  increase. 

As  all  these  results  vary  so  very  much  from  each  other,  we  can 
krdly  say  that  we  know  anything  about  the  specific  heat  of  water 
letw^n  0  and  lOO**,  though  Kegnault's  results  above  that  temperature 
De  probably  very  nearly  correct. 

-  It  seems  to  me  probable  that  my  results  with  the  mechanical  equiv- 
ifent  apparatus  give  the  variation  of  the  specific  heat  of  water  with 
meiderable  accuracy;  indeed,  far  sui-passing  any  results  which  we 
tn  obtain  by  the  method  of  mixture.  It  is  a  curious  result  of  those 
xperimente^  that  at  low  temperatures,  or  up  to  about  30°  C,  the  spe- 
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cific  heat  of  water  is  about  constant  on  the  tMrcuriat  Ihermomster  miide 
by  Baudio,  but  d*cr(.tues  to  a  minimum  ai  about  30"  whtn  the  rfdiu-iion 
is  made  to  the  air  themvmieler  or  the  absolute  scale,  or,  indeed,  the  Kew 
standard. 

As  this  curiouB  and  interesting  result  depends  upon  the  accurate 
comparison  of  tbe  mercurial  with  the  air  thermometer,  I  have  spent 
the  greater  part  of  a  year  in  the  study  of  tbe  comparison,  but  have  not 
been  iible  to  find  any  error,  and  am  now  thoroughly  convinced  of  the 
truth  of  this  decrease  of  the  specific  heat.  But  to  make  certain,  I  have 
instituted  the  following  independent  series  of  investigations  on 
specific  heat  of  water,  using,  however,  the  same  thermoraeters. 

The  apparatus  is  shown  in  Fig.  4.  A  copper  vessel,  .-1,  about  20 
in  diameter  and  23  cm.  high,  rests  upon  a  tripod.  In  its  interior  is  a 
three-way  stopcock,  communicating  with  the  small  interior  vees<?l  B, 
the  vessel  A,  and  the  vulcanite  t.pout  C.  By  turning  it,  the  vessel  B 
could  be  filled  with  water,  snd  its  temperature  measured  by  the  ther- 
mometer D,  after  which  it  could  be  delivered  through  the  spout  into 
the  calorimeter.  As  the  vessel  S,  the  stopcock,  and  most  of  the  spout, 
were  within  the  vessel  .1,  and  thus  surrounded  by  water,  and  as  tbe 
vulcanite  tube  was  very  thin,  tbe  water  could  be  delivered  into  tbe 
calorimeter  without  appreciable  change  of  temperature.  The  proof  o; 
this  will  follow  later. 

The  calorimeter,  E,  was  of  very  thin  copper,  nickel-plated  vi 
thinly.  A  bole  in  the  back  at  F  allowed  the  delivery  spout  to  enter, 
and  two  openings  on  top  admitted  the  thermometers,  A  wire  attached 
to  a  stirrer  also  passed  thro»;gh  the  top.  The  calorimeter  had  a  capac- 
ity of  about  three  litres,  and  weighed  complete  about  388-3  grammes. 
Its  calorific  capacity  was  estimated  at  35-4  grammes.  It  rested  on 
three  vulcanite  pieces,  to  prevent  conduction  to  the  jacket.  Around 
the  calorimeter  on  all  sides  was  a  water-jacket,  nickel-plated  on  its 
interior,  to  make  the  radiation  perfectly  definite. 

The  calorific  capacity  of  the  thermometers,  including  the  immersed 
stem  and  the  mercury  of  the  bulb,  was  estimated  as  follows:  14  cm.  of 
stem  weighed  about  3-8  gr.,  and  had  a  capacity  of  -8  gr.;  10  gr.  of 
mercury  had  a  capacity  of  -3  gr. ;  total,  1-1  gr. 

Often  the  vessel  B  was  removed,  and  the  water  allowed  to  flow 
directly  into  the  calorimeter. 

Tbe  following  is  the  process  followed  during  one  experiment  at  low 
temperatures.  The  vessel  -4  was  filled  with  clean  broken  ice,  the  open- 
ing into  the  stopcock  bemg  covered  with  line  gauze  to  prevent  any 
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amill  particles  of  ice  from  flowing  out.  The  whole  was  then  covered 
vitli  cloth,  to  prevent  melting.  The  veeBel  was  then  Med  with  water, 
tnd  the  two  thermometers  immersed  to  get  the  zero  points.  The 
Mdorimeter  being  about  two-thirda  filled  with  water,  and  haviog  been 
TOghed,  was  then  pat  in  position,  the  holes  corked  up,  and  one  ther- 
mometer placed  in  it,  the  other  being  in  the  melting  ice.  An  obecr- 
Tation  ot  its  temperature  was  then  taken  every  minute,  it  being  fre- 
quently riiiTed. 


When  enough  observations  had  been  obtained  in  this  way,  the  cork 
VIS  taken  out  of  the  aperture  F  and  the  spout  inserted,  and  the  water 
lUowed  to  run  for  a  given  time,  or  until  the  calorimeter  was  full.  It 
WIS  then  removed,  the  cork  replaced,  and  the  second  thermometer 
nmoved  from  the  ice  to  the  calorimeter.  Observations  were  then 
liken  as  before,  and  the  vessel  again  weighed. 

Two  thermometers  were  used  in  the  way  specified,  so  that  one  might 
^roach  the  final  temperature  from  above  and  the  other  from  below. 
9at  no  regular  difference  was  ever  observed,  and  so  some  experiments 
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were  made  with  both  thermometerfi  in  the  calorimeter  during  the  wlioie 
eiperiment. 

The  principal  sources  of  error  are  as  follows: 

let.  ThermometerB  lag  behind  their  true  reading.    This  i 
noticed,  and  would  probably  be  greater  in  thermometers  with  ver)'  finp 
stems  like  Geissler's.     At  any  rate,  it  was  almost  eliminated  in  tlie 
experiment  by  using  two  thermometers. 

2d.  The  wat«r  may  be  changed  in  temperature  in  passing  through 
the  spout.  This  was  eliminated  by  allowing  the  water  to  run  some 
time  before  it  went  into  the  calorimeter.  The  spout  being  very  thin, 
and  made  of  vulcanite,  covered  on  the  outside  with  cloth,  it  it  not 
thought  that  there  was  any  appreciable  error.  It  will  be  discussrf 
more  at  length  below,  and  an  experiment  given  to  prove  this 

3d,  The  top  of  the  calorimeter  not  being  in  contact  with  the  water, 
its  temperature  may  be  uncertain.  To  eliminate  this,  the  calorimeter 
was  often  at  the  temperature  of  the  air  to  commence  with.  Also  the 
water  was  eometimes  violently  agitated  just  before  taking  the  final 
reading,  previous  to  letting  in  the  cold  water.  Even  ii  the  tempew- 
ture  of  this  part  was  taken  as  that  of  the  air,  the  error  would  scarcely 
ever  be  of  sufBcient  importance  to  vitiate  the  conclusions. 

4th.  The  specific  heat  of  copper  changes  with  the  tenoperature. 
Unimportant. 

5th.  Some  water  might  remain  in  the  spout  whose  temperature  might 
be  different  from  the  rest.     Tliia  was  guarded  against, 

6th.  Evaporation.     Impossible,  as  the  calorimeter  was  closed. 

7th,  The  introduction  of  cold  water  may  cause  dew  to  be  deposited  on 
the  calorimeter.     The  experiments  were  rejected  where  this  occurred. 

The  corrections  for  the  protruding  thermometer  stem,  for  radiation^ 
Ac  were  made  as  usual,  the  radiation  being  estimated  by  a  series  t 
observations  before  and  after  the  experiment,  as  is  usual  in  determiil 
ing  the  specific  heat  of  solids. 

June  li,  I87S. — Fint  Etprrlmenl 
Time.  Tier.  8188.     Ther.SlCa.         0  Points. 

41  396'75  6163,  67-9     Air.  21"  C. 

42  296-7  6165,  34-8    Jacket  about  25"  C. 

43  2967  6166,  20-5 

44  296-65 
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Time.  Ther.  6168.     Ther.  6166. 

44i-44f  Water  running. 

46*  218-7  251-7 

47*  218-8  251-8 

48*  218-9  252-0 


Temperature  before  296-6 
Correction  for  0     +  -2 


296-8^ 
Correction  for  stem 
Initial  temperature  of 

calorimeter 


26^-597 
+  -019 

26*^-616 


218-6  +  -2  =  218-8  =  17**-994 
Correction  for  stem      — -006 


0  Points. 

Calorimeter  before 

2043-0 

"          after 

2853-3 

Water  at  0**  added 

810-3 

Thermometer 

1-1 

Total  at  0^ 

8114 

Calorimeter  before 

20430 

Weight  of  Vessel 

388-3 

Water 

1654-7 

Capacity  of  calorimeter 

35-4 

'^           thermometer 

1-1 

Total  capacity 

1691-2 

251-6  -  1  =  261-5  =  17*" 

-962 

Correction  for  stem     — 

-006 

17*^-988 
Mean  temperature  of  mixture,  17^-972. 


17*^-956 


Mean  specific  beat  0*>  — 18^  _  1691-2  X  8**-644  _  ^.QQOb 
Mean  specific  heat  18°  —  27*^  ""  811-4  X  17**-972 

June  14' — Second  Experiment 

Calorimeter  before  2016-3;  temperature  361-4  by  No.  61G3. 
Calorimeter  after  3047-0;  temperature  244-5  and  288-7. 

Air,  21°  C;  jacket  about  27°. 

361-4+ -2  =  361-G  =  33°-803,  or  33°-863  when  corrected  for  stem. 
244-5+  -2  =  244-7  =  20°-865;  no  correction  for  stem. 
288-7— -1  =  288-6  =  20° -840;  no  correction  for  stem. 

Mean,  20° -855. 

Mean  specific  heat  between  0°  and  21°  _  i  .qqco 
Mean  specific  heat  between  21°  and  34° 

June  IJ/. — Third  Experiment 

Calorimeter  before  19G1-8;  temperature  293-6  by  No.  6166. 
Calorimeter  after  3044-6;  temperature  243-7  and  213-0. 

Air  and  jacket,  about  18°  C. 
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393'6— ■l  =  393a  =  29''036,  or  29°077  when  corrected  for  a 
243-7  — ■l  =  2i3-6  =  lT''-349;  no  correction  for  stem. 
213-0  +  -3  =  213-S  =  17"'-374;  no  correction  for  stem. 
Mean,  17''-361. 

Mean  specific  heat  between  0°  and  17°  _  i.nn'">4 
Mean  specific  heat  between  17°  and  29" 

It  is  to  be  observed  that  thermometer  No.  6166  in  all  cases  gave 
temperatures  about  O^-Og  or  C'OS  below  Wo.  6163.     This  difference 
is  undoubtedly  in  the  determination  of  the  zero  points,  as  on  June  13  J 
the  zero  points  were  found  to  be  20-4  and  .58-0.     As  one  has  gone  apl 
and  the  other  down,  the  mean  of  the  temperatures  needs  no  correclion, 

June  15 
Calorimeter  before  2068-2;  temperature  364-6  by  No.  6166. 
Calorimeter  after  a9292:  temperature  S49-7  and  217-7. 
Air  and  jacket  at  about  22°  C, 
264-6  =  86''-766,  or  36''-782  when  corrected  for  stem. 
249-7  =  17°-822,  or  17''-813  when  corrected  for  stem. 
217-7-t--l  =  2178=17'*-884,  or  17''-874  when  corrected  for  steul 

Rejected  on  account  of  great  difference  in  final  temperaturee  by  t 
two  thermometers,  which  was  probably  due  to  some  error  in  reading.! 

June  II 
Calorimeter  before  2003-7;  temperature  330 
Calorimeter  after  3075'2;  temperature  881 
Air  and  jacket,  21'"  C. 
330-3 -(- -l  =  330-4  =  30°-381,  or  SC-SoS  wheu  corrected  for 
221-9+   l=823-0  =  18°-349,  or  18°-343  when  corrected  for 
256-6+ ■0  =  2o6-6  =  18''-358,  or  18''-352  when  corrected  for 
Mean,  18°-34r. 
Specific  heat  between  0°  and  18' 
Specific  heat"betweenl8"*" and  30' 

June  il 

Calorimeter  before  2073  8;  temperature  347-8  by  No.  61GG, 

Calorimeter  after  8986-8:  temperature  234-5  and  806'6. 

Air  and  jacket,  about  21°  C. 


by  No.  6163. 
and  256-6. 


r.^^^o  =  1-0067. 
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347-8 +  -0  =  347-8  =  25^-457,  or  25^-471  when  corrected  for  stem. 
234-5  + -0  =  234-5  =  16"* -643,  or  16*'-636  when  corrected  for  stem. 
206-6  + -1  =  206-7  =  16'*-651,  or  16*'-644  when  corrected  for  stem. 

Mean,  16^-640. 

Specific  heat  between  0^  and  17°  __.  .99971 
Specific  heat  between  1 7®  and  25°  "~ 

Rejected  because  dew  was  formed  on  the  calorimeter. 

A  series  was  now  tried  with  both  thermometers  in  the  calorimeter 
from  the  beginning. 

June  t5 

Calor.  before  2220-3;  temperat.  325-6  by  No.  6166;  309-9  by  No.  6165. 
Calor.  after  3031-4;  temperat.  233-4  by  No.  6166;  224-6  by  No.  6165. 

Air,  24°- 2  C;  jacket,  23** -5. 

325-6+  -0  =  325-6  =  23*^-725,  or  23** -726  when  corrected  for  stem. 

.    309-9+  •2  =  3101  =  23**-739,  or  23*'-740  when  corrected  for  stem. 

■'    233-4+ -0=: 233-4  =  16** -558,  or  16**-545  when  corrected  for  stem. 

;    224-6  +  -2  =  224-8  =  16'* -662,  or  16**-549  when  corrected  for  stem. 

Means,  23** -733  and  16** -547. 

Specific  heat  between  0*^  and  l'>*^  __  i.aqia 
Specific  heat  between  16"*  and  24'' 

June  25 

Calor.  before  2278-6;  temperat.  340-35  by  No.  6166;  324-1  by  No.  6165. 
Calor.  after  3130-2;  temperat.  242-5  by  No.  6166;  232-8  by  No.  6165. 

Air,  23** -5  C;  jacket,  22** -5. 

.35  +  -0  =  340-35  =  24** -877,  or  24**-881  when  corrected  for  stem. 
1  +  -2  =  324-3  =24**-899,  or  24**-903  when  corrected  for  stem, 
•5  +  -0  =  242-5  =17**-264,  or  17**-253  when  corrected  for  stem. 
•8    +  -2  =  233-0   =17**-261,  or  17**-250  when  corrected  for  stem. 

Specific  heat  between  0**  and  17°  __  i.oo27 
Specific  heatbetween  17**  and  25°  "~ 

June  25 

}T.  before  2316-85;  temperat.  386-1  by  No.  6166;  368-4  by  No.  61G5. 
)r.  after  2966-90;  temperat.  295-4  by  No.  6166;  281-7  by  No.  6165. 

Air,  23** -5  0.;  jacket,  22° -5. 
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=  1-0045. 


386  l  +  -0  =  38Gl  =  28''-4o5,  or  S8''-465  when  corrected  for  sI*-J" 

268-4  +  -2=368-6'=38''-472,  or  28''-483  when  corrected  for  et^"' 

2954+-0  =  395-4  =  21''-374,  or  21*'-368  when  corrected  for  Bier "^ 

281-7  +  -2  =  281-9  =  21''-400,  or  21''-394  when  corrected  for  Bte*°- 

Means,  28''-473  and  21°-381. 

Specific  heat  between  0°  and  21' 
Specific  heat  between  21°  and  2f 

Two  experiments  were  made  on  June  23  with  warm  water  in  v(*s«' 
A,  readings  being  taken  of  the  temperature  of  the  water,  as  it  tlowcJ 
out,  by  one  thermometer,  which  was  then  transferred  to  the  calorimelef 
as  before. 

June  is 
Water  in  A  while  running,  314-15  by  So.  tilC3. 
Calor.  before  1530'9:  teniperat.  281'1  by  No.  6166. 
Calor.  after  2996  3;  temperat.  328-4  by  No.  6166;  27S-7  by  No.  61fi3, 
314- 15  -f  -1  =  314-25=:  28°-526,  or  28''-552  when  corrected  for  s« 
281-1    +0  =  2811    =20''-262,  or  20''-258  when  corrected  for  6t( 
328-4    +  -0^328-4   =23''-945,  or  23°-950  when  corrected  for  stf 
272-7    -|_. 1  =  272-8    =  23''-960,  or  SS^-gBG  when  corrected  for  sti 

Specific  heat  between  20°  and  24°  _  ,0903 
Specific  heat  between  24°  and  29°  ~ 

June  is 
Water  in  A  while  running,  383-9  by  No.  6163. 
Calor.  before  1624-9;  temperat.  286-75  by  6166. 
Calor.  after  3048-2;  temperat.  392-45  by  6166.  and  3181  by  6163. 

383-9    +-1  =  384-0    =  36''-303,  or  36°-357  when  corrected  for  s 

286-75  +  -0  =  286-75  =  20°-702,  or  20''-700  when  corrected  for  s 
392-45+   0  =  392-45  =  28°-954,  or  28''-9S0  when  corrected  for  ste 
318-1    +-1  =  318-2    =28°-964,  or  28°-992  when  corrected  fors 


Specific  heat  between  21^  and  29° 
Specific  heat  between  29°  and  36° 


:  ■9954. 


To  test  the  apparatus,  and  also  to  check  the  estimated  specific  turn 
of  the  calorimeier,  the  water  was  almost  entirely  poured  out  of  t 
calorimeter,  and  warm  water  placed  in  the  vessel  A,  which  was  i 
allowed  to  flow  into  the  calorimeter. 
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Water  in  A  while  running,  309  0  by  No.  6163. 

Calor.  before  391-3;  temperat.  314-5  by  6166. 

Calor.  after  3129-0;  temperat.  308-3  by  6166,  and  378-5  by  6163. 

Air  about  21**  C. 

Therefore,  water  lost  0°-078,  and  calorimeter  gained  5**.  Hence  the 
capacity  of  the  calorimeter  is  39. 

Another  experiment,  more  carefully  made,  in  which  the  range  was 
greater,  gave  35. 

The  close  agreement  of  these  with  the  estimated  amount  is,  of 
course,  only  accidental,  for  they  depend  upon  an  estimation  of  only 
0°-08  and  0**12  respectively.  But  they  at  least  show  that  the  water  is 
delivered  into  the  calorimeter  without  much  change  of  temperature. 

A  few  experiments  were  made  as  follows  between  ordinary  tempera- 
tures and  100**,  seeing  that  this  has  already  been  determined  by  Reg- 
nault. 

Two  thermometers  were  placed  in  the  calorimeter,  the  temperature 
of  which  was  about  5°  below  that  of  the  atmosphere.  The  vessel  B 
was  then  filled,  and  the  water  let  into  the  calorimeter,  by  which  the 
temperature  was  nearly  brought  to  that  of  the  atmosphere;  the  opera- 
tion was  then  immediately  re|>eated,  by  which  the  temperature  rose 
about  5°  above  the  atmosphere.  The  temperature  of  the  boiling  water 
was  given  by  a  thermometer  whose  100°  was  taken  several  times. 

As  only  the  rise  of  temperature  is  needed,  the  zero  points  of  the 
thermometers  in  the  calorimeter  are  unnecessary,  except  to  know  that 
thev  are  within  0°02  of  correct. 

June  18 

Temperature  of  boiling  water,  99° -9. 

Calor.  before  26847;  temperat.  259-2  by  6106,  and  248-3  by  6165. 
Calor.  after  2993-2;  temperat.  381-0  by  6166,  and  363-4  by  6165. 

259-3  =  18°-r)6S,  or  18°-r)55  when  corrected  for  stem. 
248-3  =  18° -564,  or  18° -551  when  corrected  for  stem. 
381-0  =  28°0r)4,  or  28°-0G5  when  corrected  for  stem. 
363-4  =  28°-055,  or  28°-066  when  corrected  for  stem. 

Specific  heat  28°  -  100°  _     ^^ , 
Specific  heat  18°  -    28°  "" 

Other  experiments  gave  1-0015  and  10060,  the  mean  of  all  of  which 
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is  1-0033.     Eegnanit'g  formula  gives  I'OOS;  but  going  directly  to  his 
exjierimeuts,  we  get  about  1004,  the  other  quantity  being  for  110°. 

The  agreement  ie  very  satisfactory,  though  one  would  expect  my 
Bmal!  apparatus  to  lose  more  of  the  heat  of  the  boiling  water  than 
Begnault'a.  Indeed,  for  high  temperatures  my  apparatus  is  much 
inferior  to  Regnault's,  and  so  I  have  not  attempted  any  further  experi- 
ments at  high  temperatures, 

My  only  object  was  to  confirm  by  this  method  the  results  deduced 
from  the  experiments  on  the  mechanienl  equivalent;  and  this  I  have 
done,  for  the  experiments  nearly  all  Rhow  that  the  specific  heat  of  water 
itcreases  to  about  30°,  after  which  it  increases.  But  the  mechanical 
equivalent  eiperiraenta  give  by  far  the  most  accurate  solution  of  the 
problem ;  and,  indeed,  give  it  with  an  accuracy  hitherto  unattempted  in 
experiments  of  this  nature. 

But  whether  water  increases  or  decreases  in  specific  heat  from  0°  to 
30°  depends  upon  the  determination  of  the  reduction  to  the  air  ther- 
mometer. According  to  the  mercurial  thermometers  Nos.  6163,  61(i5  and 
6166,  treating  i/iem  only  as  mercurial  thermometers,  the  specific  heat  of 
water  vp  to  30°  is  nearly  condant,  6ui  hy  the  air  thermometer,  or  by  Ou 
Kew  standard  or  Fasiri,  it  decreases. 

Full  and  complete  tables  of  comparison  are  published,  and  from  them 
any  one  can  satisfy  himself  of  the  facts  in  the  case, 

I  am  myself  satisfied  that  I  have  obtained  a  very  near  approximation 
to  ab?nlute  temperatures,  and  accept  them  as  the  standard.  And  by 
this  standard  the  specific  heat  of  water  undoubtedly  decreases  from  0° 
to  about  30°. 

To  show  that  I  have  uot  arrived  at  this  result  rashly,  I  may  mention 
that  I  fought  against  a  conclusion  so  much  at  variance  with  my  precon- 
ceived notions,  but  was  forced  at  last  to  accept  it,  after  studying  it  for 
more  than  a  year,  and  making  frequent  comparisons  of  thermometers, 
and  examinations  of  all  other  sources  of  error. 

However  remarkable  this  fact  may  he,  being  the  first  instance  of  the 
decrease  of  the  specific  heat  with  rise  of  temperature,  it  is  no  more 
remarkable  than  the  contraction  of  water  to  4°.  Indeed,  in  both  eases 
the  water  hardly  seems  to  have  recovered  from  freezing.  The  specific 
heat  of  melting  ice  is  infinite.  Why  is  it  necessary  that  the  specific 
heat  should  instantly  fall,  and  then  recover  as  the  temperature  rises? 
Is  it  not  more  natural  to  suppose  that  it  continues  to  fall  even  after  the 
ice  is  melted,  and  then  to  rise  again  as  the  specific  heat  approaches  infin- 
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ityatthe  boiling  point?   And  of  all  the  bodies  which  we  should  select  as 
probably  exhibiting  this  property,  water  is  certainly  the  first. 

(&.)  Heat  Capacity  of  Calorimeter 

During  the  construction  of  the  calorimeter,  pieces  of  all  the  material 

vere  saved  in  order  to  obtain  the  specific  heat.    The  calorimeter  which 

Joule  used  was  put  together  with  screws,  and  with  little  or  no  solder. 

But  in  my  calorimeter  it  was  necessary  to  use  solder,  as  it  was  of  a  much 

laore  complicated  pattern.     The  total  capacity  of  the  solder  used  was 

only  about  ^-^  of  the  total  capacity  including  the  water;  and  if  we 

diould  neglect  the  whole,  and  call  it  copper,  the  error  would  be  only 

>l)ont  xiVir-    Hence  it  was  considered  sufficient  to  weigh  the  solder 

Wmb  and  after  use,  being  careful  to  weigh  the  scraps.    The  error  in 

tte  weight  of  solder  could  not  possibly  have  been  as  great  as  ten  per 

tent,  which  would  affect  the  capacity  only  1  part  in  12,000. 

To  determine  the  nickel  used  in  plating,  the  calorimeter  was  weighed 

before  and  after  plating;  but  it  weighed  less  after  than  before,  owing 

to  the  polishing  of  the  copper.    But  I  estimated  the  amount  from  the 

thickness  of  a  loose  portion  of  the  plating.     I  thus  found  the  approxi- 

Atte  weight  of  nickel,  but  as  it  was  so  small,  I  counted  it  as  copper. 

The  following  are  the  constituents  of  the  calorimeter : — 

Thick  sheet  copper 25-1  per  cent. 

Thin  sheet  copper 46-7       " 

Cast  brass 17-9        " 

Boiled  or  drawn  brass 5-7       " 


Solder    40 

Steel    1-6 


100  0        " 
Nickel    -3       " 

To  determine  the  mean  specific  heat,  the  basket  of  a  Regnaulf  s 

was  filled  with  the  scraps  in  the  above  proportion,  allowing 

iMuket  of  brass  gauze,  which  was  very  light,  to  count  toward  the 

brass.     The  specific  heat  was  then  determined  between  20°  and 

\  and  between  about  10**  and  40**.     Between  20**  and  100°  the 

steam  apparatus  was  used,  but  between  10°  and  40°  a  special 

itns  filled  with  water  was  used,  the  water  being  around  the  tube 

the   basket,  in  the  same  manner  as  the  steam  is  in  the 
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original  apparatus.  In  tfie  calorimeter  a  stirrer  was  uaed,  so  that  the 
basket  and  water  should  rapidly  ottaiu  the  same  temperature.  The  water 
was  weighed  before  and  after  the  experiment,  to  allow  for  evaporation. 
A  correction  of  ahout  1  part  in  1000  was  made,  on  account  of  the  heal 
lost  by  the  basket  iu  passing  from  the  apparatus  to  the  calorimeter,  in 
the  100°  aeries,  but  no  correction  was  made  in  the  other  series.  The 
themiomcters  in  the  calorimeter  were  Noe.  G163  and  G166  in  the  dif- 
ferent experiments. 

The  principal  difficulty  in  the  determination  is  in  the  correction  for 
radiation,  and  for  the  heat  which  still  remaiuB  in  the  basket  after  some 
time.  After  the  basket  has  descended  into  the  water,  it  commences  to 
give  out  heat  to  the  water;  this,  in  turn,  radiates  heat;  and  the  tempera-  . 
tnre  we  raeaeiire  is  deiMndout  upon  both  these  quautities. 
Let  T  =  temperature  of  the  basket  at  the  time  t 

•'   r=    ■    " 

"     T"= 


AVe  may  then  put  approximately 


s  a  constant.     But 


1 


where  ""  can  be  estimated  sufficiently  accurately  to  find  C  approxi- 
mately. 

These  formulw  apply  wlien  there  is  no  radiation.     When  radiation 
takes  place,  we  may  write,  therefore,  when  (  is  not  too  small, 

"-  "'  =  (""  -  "')(!  -  =-"'")  -C{t-t.), 
where  0  is  a  coefhcieiit  of  radiation,  and  /„  is  it  quantity  which  must  be 
subtracted  from  t,  as  the  temperature  of  tlie  calorimeter  does  not  rise 
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instantaneously.     To  estimate  t^,  T,  being  the  temperatui 
we  have,  according  to  Newton's  law  of  cooling, 

where  it  is  to  be  noted  that   .,  ^  «-  is  nearly  a  constant  for  all  values  of 
f—  T.    according  to  Newton's  law  of  cooling. 

masiraum  nearly  at  the  time 

and  if  (?„  is  the  maAimum  temperature,  we  have  the  value  of   ff" 
follows : 


The  temperature  reaches 


7"'  = 


and  this  is  the  final  temperature  provided  there  was  no  loss  of  heat. 

When  the  final  tempemture  of  the  water  i*  nearly  equal  to  that  of 
the  air,  C  will  be  small,  but  the  time  t„  of  reaching  the  maximum 
will  be  great.  If  a  is  ii  constant,  we  can  put  C=a  (tf  —  T,),  and 
C(/«  +  c  —  y  '"'I  be  a  minimum,  when 


a"  - 


T.-- 


That  is,  the  temperature  of  the  air  must  be  lower  than  the  tempera- 
ture of  the  water,  so  that  T,  =  ff'  as  nearly  as  possible;  but  the  for- 
raola  phows  that  this  method  makes  the  corrections  greater  than  if  we 
make  7".  =  #',  the  reason  being  that  the  maximum  temperature  is  not 
reached  until  after  an  infinite  time.  It  will  in  practice,  however,  be 
found  best  to  make  the  temperature  of  the  water  at  the  beginning 
about  that  of  the  air.  It  is  by  far  the  best  and  easiest  method  to 
make  all  the  corrections  graphically,  and  I  have  constructed  the  follow- 
ing graphical  method  from  the  formulw. 

First  make  a  series  of  measurements  of  the  temperature  of  the  water 
of  the  calorimeter,  before  and  after  the  basket  is  dipped,  together  with 
the  times.  Then  plot  them  on  a  piece  of  paper  as  in  Fig.  5.  making 
the  scale  sufficiently  large  to  insure  accuracy.  Five  or  ten  centimeters 
to  a  degree  are  sufficient. 

ahcd  is  the  plot  of  the  temperature  of  the  water  of  the  calori- 
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meter,  the  time  being  indicated  by  the  horizontal  line-  Contmue  t 
line  d  c  until  it  meets  the  line  I  a.  Draw  a  horizontal  line  through 
the  point  I.  At  any  point,  b,  of  the  curve,  draw  a  tangent  and  also  a 
vertical  line  bg;  the  distance  eg  will  be  nearly  the  value  of  the  con- 
Btant  c  in  the  f onnulffi.  Lay  off  I  f  equal  to  c,  and  draw  the  line  f  hk 
through  the  point  A,  which  indicates  the  temperature  of  the  atmos- 
phere or  of  the  vessel  surrounding  the  calorimeter.  Draw  a  vertical 
line,  ;■*;,  through  the  point  k.  From  the  point  of  maximum,  c,  draw 
&  line,  j  c,  parallel  to  d  m,  and  where  it  meets  k  j  will  be  the  required 
point,  and  will  give  the  value  of  d".  Hence,  the  rise  of  temperature, 
corrected  for  all  errors,  will  be  k  j. 

This  method,  of  course,  only  applies  to  cases  where  the  final  tem- 
perature of  the  calorimeter  is  greater  than  that  of  the  air;  otherwise 
there  will  be  no  maj 


In  practice,  the  line  dm  is  not  straight,  but  becomes  more  and  more 
nearly  parallel  to  the  base  line.  This  is  partly  due  to  the  constant 
decrease  of  the  difference  of  temperature  between  the  calorimeter  and 
the  air,  but  is  too  great  for  that  to  account  for  it.  I  have  traced  it  to 
the  thin  metal  jacket  surrounding  the  calorimeter,  and  I  must  condemn, 
in  the  strongest  possible  manner,  all  such  arrangements  of  calorimeters 
as  have  such  a  thin  metal  jacket  around  them.  The  jacket  is  of  an 
uncertain  temperature,  between  that  of  the  calorimeter  and  the  air. 
When  the  calorimeter  changes  iu  temperature,  the  jacket  follows  it  but 
only  after  some  time;  hence,  the  heat  lost  in  radiation  is  uncertain. 
The  true  method  is  to  have  a  water  jacket  of  constant  temperature,  and 
theu  the  rate  of  decrease  of  temperature  will  he  nearly  constant  for  a 
long  time. 

The  following  results  have  been  obtained  by  Mr.  Jacques,  Fellow  of 
the  University,  though  the  first  was  obtained  by  myself.  Corrections 
were,  of  course,  made  for  the  amount  of  thermometer  stem  in  the  air. 


Tempentture. 

24° 

to 

100° 

26° 

to 

100° 

25° 

to 

100° 

13° 

to 

39° 

14° 

to 

38° 

9° 

to 

41° 
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Mean  Specific  Heat. 

•0916 
•0915 
•0896 
•0895 
•0885 
•0910 

To  reduce  these  to  the  mean  temperature  of  0**  to  40**,  I  have  used 
the  rate  of  increase  found  by  B6de  for  copper.  They  then  become,  for 
the  mean  from  0**  to  40°, — 

•0897 
•0897 
•0878 
•0893 
•0883 
•0906 


Mean  ^0892   ±  •  00027 

As  the  capacity  of  the  calorimeter  is  about  four  per  cent  of  that  of 
the  total  capacity,  including  the  water,  this  probable  error  is  about  ^uVir 
of  the  total  capacity,  and  may  thus  be  considered  as  satisfactory. 

I  have  also  computed  the  mean  specific  heat  as  follows,  from  other 
observers : — 

Copper  between  20°  and  100°  nearly. 

•0949  Dulong. 
•0935  Regnault. 
•0952  Regnault. 
•0933  B^de. 
•0930  Kopp. 


0940 


This  reduced  to  between  0°  and  40°  by  Bede's  formula  gives  •0922. 
Hence  we  have  the  following  for  the  calorimeter: " — 

**The  cast  brass  was  composed  of  28  parts  of  copper,  2  of  tin,  1  of  zinc,  and  1  of 
lead.  The  rolled  brass  was  assumed  to  have  the  same  composition.  The  solder  was 
assumed  to  be  made  of  equal  parts  of  tin  and  lead. 
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Copper 

Zine 

Tin 

Lead 

Steel 


SphMd  BtKt  tntwcettr 
■0922 
'0S9« 
-0550 
•0310 
•1110 

Mean  -0895 


The  close  agreement  of  this  number  with  the  experimeni 
can  only  be  accidental,  &s  the  reduction  to  the  air  thermometer  would 
deere^fie  it  somewhat,  and  so  make  it  even  lower  than  mine.     However, 
the  difference  could  not  at  most  amoont  to  more  than  0-5  per  ccn^ 
wbieb  is  verj'  satisfactory. 

The  total  capacity  of  the  calorimeter  is  reolconed  as  follows: — 

Weight  of  calorimeter 3-8713  idlogrammca. 

Weight  of  screws 0016  kilogrammes. 

Weight  of  part  of  suspending  wires..   '0052  kilogrammes. 

Total  weight 3  8T80  kilogrammes. 

Capacity  =  3-878  X    0892  =  -3459  kilogrammes. 

To  this  must  be  added  the  capacity  of  the  thermometer  bulb  and 

aeveral  inches  of  the  etem,  and  of  a  tube  u^d  as  a  safety  valve,  and  ve 

most  subtract  the  capacity  of  a  part  of  the  shaft  which  waa  joined  to 

the  shaft  turning  the  paddles.     Hence. 


r, 

I 


Capacity  =  -3470 
As  this  is  only  about  four  per  cent  of  the  total  capacity,  it  is  not 
necessarj-  to  consider  the  variation  of  this  quantity  with  the  tempera- 
ture through  the  range  from  0°  to  40°  which  I  have  used. 

IV.— DETERMINATION  OF  EQUIVALENT 

("-)  Histotical  Remaika 

The  history  of  the  determination  of  the  mechanical  equivalent  of  heat 

is  that  of  thermodynamics,  and  as  such  it  is  impossible  to  give  it  at 

length  here. 
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I  shall  simply  refer  to  the  few  experiments  which  a  priori  seem  to 
possess  the  greatest  value,  and  which  have  been  made  rather  for  the 
determination  of  the  quantity  than  for  the  illustration  of  a  method, 
And  shall  criticise  them  to  the  best  of  my  ability,  to  find,  if  possible,  the 
cause  of  the  great  discrepancies. 

I,  Genekal  Review  of  Methods 
Whenever  heat  and  mechanical  energy  are  converted  the  one  ijito 
the  other,  we  are  able  by  measuring  the  amounts  of  each  to  obtain  the 
ratio.  Every  equation  of  thermodynamics  proper  is  an  equation 
between  mechanical  energy  and  heat,  and  so  should  be  able  to  give  us 
the  mechanical  equivalent.  Besides  this,  v.v  are  able  to  lUL-asure  a 
certain  amount  of  electrical  energy  in  both  mechanical  and  heat  units, 
and  thus  to  also  get  the  ratio.  Chemical  energy  can  be  measured  in 
heat  units,  and  can  also  be  made  to  produce  an  electric  current  of  known 
mechanical  energy.  Indeed,  we  may  sum  up  as  follows  the  different 
kinds  of  energy  whose  conversion  into  one  another  may  furnish  us  with 
the  mechanical  equivalent  of  heat.  And  the  problem  in  general  would 
be  the  ratio  by  which  each  kind  of  energy  may  be  converted  into  each  of 
the  others,  or  into  mechanical  or  absolute  units. 

Mechanical  energy- 
Heat. 

Electrical  energy. 
Magnetic  energy. 
Gravitation  energy. 
Radiant  energy. 
g.    Cliemical  energy, 
ft.     Capillary  energy. 
Of  these  different  kinds  of  energy,  only  the  first  five  can  he  measured 
other  than  by  their  conversion  into  other  forms  of  energy,  although  Sir 
William  Thomson,  by  the  introduction  of  such  terms  as  "cubic  mile  of 
BTinlight,"  has  made  some  progress  in  the  case  of  radiation.     Hence  for 
these  five  only  can  the  ratio  he  known. 

Mechanical  energy  ia  measured  by  the  force  multiplied  by  the  dis- 
timce  through  which  the  force  acta,  nnd  also  by  the  mass  of  a  body  multi- 
plied by  half  the  square  of  its  velocity.  Heat  is  usually  referred  to  the 
quantity  required  to  raise  a  certain  amount  of  water  so  many  degrees, 
though  hitherto  the  temperature  of  the  water  and  the  reduction  to  the 
air  tberroometer  have  been  almost  neglected. 


b. 
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The  energy  of  electricity  at  rest  is  the  quantity  multiplied  by  half  the 
potential ;  or  of  a  current,  it  is  the  strength  of  current  multiplied  by  the 
electro-motive  force,  and  by  the  time;  or  for  all  attractive  force-s  varying 
inversely  as  the  square  of  the  distance.  Sir  William  Thomson  has  given 
the  expression 


A-/fi-*, 


where  E  is  the  resultant  force  at  any  point  in  space,  and  the  integral  is 
taken  throughout  space. 

These  last  three  kinds  of  energy  are  already  measured  in  absolute 
measure  and  hence  their  ratios  are  accurately  known.  The  only  ratio, 
then,  that  remains  is  that  of  heat  to  one  of  the  others,  and  this  must  be 
determined  by  experiment  alone. 

But  although  we  cannot  measure  f,g,hin  general,  yet  we  can  often 
measure  off  equal  amounf  a  of  energy  of  these  kinds.  Thus,  although  we 
cannot  predict  what  quantities  of  heat  are  produced  when  two  atoms  of 
different  substances  unite,  yet,  when  the  same  quantities  of  the  same 
substances  unite  to  produce  the  same  compound,  we  are  safe  in  assuming 
that  the  same  quantity  of  chemical  energy  comes  into  play. 

According  to  these  principles,  I  have  divided  the  methods  into  direct 
and  indirect. 

Direct  methods  are  those  where  h  is  converted  directly  or  indirectly 
into  a,  c,  d,  or  e,  or  vice  versa. 

Indirect  methods  iirc  those  where  some  kind  of  energy,  as  ^,  is  con- 
verted into  b,  and  also  into  a,  c,  d,  or  e. 

In  this  classification  I  have  made  the  arrangement  with  respect  to 
the  kinds  of  energy  which  are  measured,  and  not  to  the  intermediate 
steps.  Thus  Joule's  method  with  the  magneto-electric  machine  would 
be  classed  as  mechanical  energy  into  heat,  although  it  is  first  converted 
into  electrical  energy.  The  table  does  not  pretend  to  be  complete,  but 
gives,  as  it  were,  a  bird's-eye  view  of  the  subject.  It  could  be  extended 
by  including  more  complicated  transformations;  and,  indeed,  the  sym- 
metrical form  in  which  it  is  placed  suggests  many  other  transformations. 
As  it  stands,  however,  it  includes  all  methods  so  far  used,  besides  many 
more. 

In  the  table  of  indirect  methods,  the  kind  of  energy  mentioned  first  is 
to  be  eliminated  from  the  result  by  measuring  it  both  in  terms  of  heat 
and  one  of  the  other  kinds  of  energy,  whose  value  is  known  in.  absolute 
or  mechanical  units. 
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It  is  to  be  noted  that,  although  it  is  theoretically  possible  to  measure 

fflipietic  energy  in  absolute  units,  yet  it  caimot  be  done  practically  with 

uy  great  accuracy,  and  is  thus  useless  in  the  determination  of  the 

(qaiTilent     It  could  be  thus  left  out  from  the  direct  methods  without 

lunn,  S8  also  out  of  the  next  to  last  term  in  the  indirect  methods. 

TABLE  XXV.— flTHOPais  OT  Mbthoob  ton  Obtaibino  thk 

Mbgbibioal  EqciTiLBnT  or  HkiT. 

oordlQg  10  adlabaila  curTe. 

6.  EipantloD  or  aom  proMlaii  ao- 

,.Ra™,«.proce„ 

e.  EipangloD  or  coaiiireuloi]  aa- 
geoBrawr, 

by  UiBrnnr-olBotrlo    pll*  la  a 

a.  FrlciloD.  parfluaaloD,  aio. 

B- 

a.  Tliernin-olBotrla  ourrenw. 

&  Hsat,  Eleetrlo  Enerir 

atlr). 
a.  HMUag  or  win  breumnx.or 

. 

lisaL   prodaoitd  br  dlaoliargs 
or  electrla  batlerr. 

, 

I  V.  BMt.  HacQcUo  EDern 

3.  IrreTBrtlftl*     pro- 

a.  Healing   ol   magnst  wbea   da- 

Orwjke'j  radlameler. 

».  ElootMcal 

Tbermo-BlBciMc  pile. 

t.  Ha<o*Uc 

(Bkdlut  anergT    •l»orb«i) 

br  blacKeiiBd  lattus.i 

d.  Ora*It»tl0D     ■• 

6.  Eleolrlcal 

OurtBiil  (Torn  baiierr- 

e.  UagHile 

HoTemanl  ol  llqulH  bj  oaplllarUy, 

7.  Ckplll&rr  taergr.  Heal 

tBeU  produoed  wbeii  allQ- 

b.  KlBdtncal 

Bleotrlcal  ourrenu  from  caplllarr 
aeiloD  at  juctaoe  ot  merourj. 

c.  UXDellc 

Balslag  ot  liquid  br  uplllarltr. 

Magnoio-elaotrlo  or   «leowo-ni»g- 

D«tlo    maablae.     Xteclric    at- 

1.  mteuxeal  tnagj.BMl 

(Best  (eDentsd  In  ■  wlro 

6.    MajOBtlo 

Bleo!r'^mlSi..l. 

bi  BD  alwttrlaJ  caireoO 

neat  Magnet. 

t  KwMdi  BnarBT.  Heat 

(SeU  genanled  on  demar- 

t.  ElKtrlcid 

netiUDK » magneL)               i       —      '""  " 

^MpM  KenacaMd  bf  a  taU.  (  <;.  UagneUa 

^^^EwtKNir.) 

Hesbt   a.   EoWILtSD 


Flar*  of  HqiiUa  onder  anmg  pCMMf*. . 

CnthtBfot  lerf 

FrteUoo  of  BcUls 

WUCT  in  cajorlinctcr. 


bj  otacneto^lMiriG  eonebU. . 


Hi™"" 
Hi™- 


Rlio  Weber 


mo  4» 

itBO  «s-a 

iitsi  an  A 

l«K  lU-8 

ISS3  IK 

IS«0-1  433-0 

i»«a-i  «a-o 

1S<»-I  49&-0 

IST«  436-6 

ISTS  433-* 


4SS.9 

435-8 


}'«'{ 


398-7 

396-4 
4783 
429-5 


1  S    Dlmloliblng  of  the  belt  produced  Id  k  I 


Do. 


do. 


do. 


l{  Beat  dee  la  elect ric&lcarrent,  electro.^ 

;      cbemkil    eqaiTaleat     o!     viter  = 

■OOSSTlf.  ibsolnte  resistance  electro-  [ 

motive  force  of   Daniell  cell,  heat  l 

I      developed  hj  action  of  line  on  sal.  | 

I      of  copper J 

Heat  developed  In  Daolell  cell 

E lee tro-mn live  force  of  Daniell  cell 


Joole" 
Favre" 


1813    '     4g»-0 

I 
1SS8     i     443-0 
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2.    Rbsttlts  of  Best  Detebmutations 

On  the  basis  of  this  table  of  methods  I  have  arranged  the  following 
table,  showing  the  principal  results  so  far  obtained. 

In  giving  the  indirect  results,  many  persons  have  only  measured  one 
of  the  transformations  required;  and  as  it  would  lengthen  out  the  table 
Tery  much  to  give  the  complete  calculation  of  the  equivalent  from  these 
elected  two  by  two,  I  have  sometimes  given  tables  of  these  parts.  As 
tie  labor  of  looking  up  and  reducing  these  is  very  great,  it  is  very 
possible  that  there  have  been  some  omissions. 

I  hare  taken  the  table  published  by  the  Physical  Society  of  Berlin,*  as 
fte  basis  down  to  1857,  though  many  changes  have  been  made  even 
^thin  this  limit. 

I  shall  now  take  up  some  of  the  principal  methods,  and  discuss  them 
^ewhat  in  detail. 

Method  from  Theory  of  Oases 

I 

,    As  the  different  constants  used  in  this  method  have  bpen  obtained  by 
txanj  observers,  I  first  shall  give  their  results. 


table  XXVII.— Specific  Heat  of  Gases. 


ilr 


fdrogen* 


Limit  to 
Temperature. 


20«  to  210° 
20*»  to  100« 

16°  to  200« 
31°  to  100° 


Approximate 

Temperature 

of  water. 


{ 

»U°-2  i 
20«        i 

I 

{ 

{ 


120-2 


Temperature 
reduced  to 


Mercurial 
Thermometer 

Air 
Thermometer 

Mercurial 
Thermometer 

Mercurial 
Thermometer 

Air 
Thermometer 

Mercurial 
Thermometer 


Specific  Heat. 


I    -2669     i 

I    •2389«'« 
/ 

} 

! 


8 • 2986 


{ 


3-4090«^ 


3-410«^« 


Delaroche  and 
B^rard. 

Regnault. 

E.Wiedemann. 

Delaroche  and 
B6rard. 

Regnault. 
E.Wiedemann. 


Takinsr  mean  results  on  page  101  of  Bel.  des  Exp.,  tom.  ii., 
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TABLE  SXTIII.— CoBrrioiiKT  or  SxF^nstos  of  Air  i 


S   COHSTAVT    VOLOm 


Taking  Eipaiulcin  of  Uerourr 
TWtlmt  BipaMlDQ  o(  Meroury  1     according  lo  Wuilner-ii  Be- 

'II036S55 
■0038878 
-003BM5 

■0086887 
-0038710 
0038737 
■0038707 

M^'v. ::::::::::::: 

■00866T8 

OOH70e 



TABLE  XXIX.— Ratio  o 


Mcthnilof  Cl£msiit  ADfisormea,  1 

globe  20  lllrea ( 

Never  fnllj  pnbllsbed 

Hetbnd  ol  C16metit  &  D^sormea. 

Uilng  Bregnet  thermometer 

CUmeot  &  Dfsurmes,  globe  3l)  ) 

litres ) 

Cl£meDt  i&  Dfiormai. 

Olfment  &  DJaonnea,  globe  10  ) 

111^«» ) 

PaBBBge  of  gas  from  one  veBsel  I 

Into  inotber,  globea  r>0  lltrea  J 
Presinre  in  globe  cbangcd  by  ) 

Aspirator,  globe  :I5  litres f 

Heating  of  gas  bj  electric  car-  ) 

Clement  it  Dfeormes 

Bnrometar  nDder  air-pump  re-  ) 

ceiverot  B  litres J 

Compreasion  BDd  eipaoaloa  of) 

gas  by  piatoQ ] 

CiemeDt&D^sormel  with  metal-  1 

lie  maoometEr.  globe  TO  lltrea  ( 
Compreasloii  of  gaa  by  plstoQ. , . 


Clement  & 

DfSDrmsa"' 
Oay-Luaaac  et  Welter' 
DelBFOcbe  et  B^rard*" 
Fivro  lb  SilbermaDii"^ 

Masaon" 

Welshach"" 

Hlrn"" 

CaKiD"" 

Jamln  &  Richard"""  . 
Treacn  et  Laboalaye" 
KoblrauBcb"" 

R«g"°it 

RODtgCD"-" 


If  Bp«i»lto 


] ■ 3748 
1-249 
1-431 
1-4196 
1-4039 
1 <  S84S 
141 

141 
l^!i03 


Results  loat 

or  Parts. 

t-40SS 

1<3»7 


I 
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i  i  1  i  : 

i  i   i   : 

mi 

ISSN'S 

;  :  p  i  M  i  i 

-I'l- 

a    E 

a    =    =    = 

"  1 

1  1  1  i  g  g  1  1  s   • 

i 

s 

»     :     S      :     S     S      :     »     3      : 

s 

5    S    i     ^    S    i     :    S    S     ^ 

,1 

2 

3> 

1 

i 

:    5 

i  ° 

i  s  1  1  E    is; 

S3           : 

,    1     : 

s  ^  1  1  «    ■       s 

!     S    1    1    1      :     S.    '. 

h      ><      Q      K      ^         '      ^      b 

S     = 

1   S   i   1   1   i  i   1   1   1 

o 

1    a 
11 
II 

i 
1  = 

•a  R   ■a 

Hi' 

111  = 

1  f  ^  . 

U|  t 

£    1    1    £ 

d 

"n"^     •       n        'e  '       i-      to      w      o 

.11 

ii 
1^ 

Is 

if 

.^^ 

II  ^' 

1  =  1  s 

III  I 


I 
1 

d 
n 

P 

I 
ll 
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Stferenat.     (Tables  XSn  to  SXX.) 
■  Phjilokl  Society  of  Berlin,  Fort,  der  Phji.,  IS5S. 
"Joule,    PblL    Mkg.,   ser.   S.    rul.   iiTi.       Sm   ftlio    Mec.    WkrmeiiqaU&leDl^   ] 

GeunmeUe  AbbandinDgen  ion  J.  P.  JodIs,  BraBnicbweig,  18T3. 
■"  Joule,  Phil.  Hag.,  «er.  3,  lol.  ixlll.     See  also  2  ftboTe. 


" ■  "      ml.  " 

"'  aim,  Tbforie  Mie.  de  Is  Cbslear,  eer.  I,  8»  ed. 

*  EdlDDd,  Pogg.  Ann.,  cxl».  1,  1865. 

"  Paire,  CompUs  Rend.,  Feb.  15,  IS.SS;  lUo  PhiL  M««.,  it.  *OT. 

■  Violle,  Ann.  de  Clilm..  ser.  4.  nil.  0). 
"  Qnlntas  leillas,  Pogg,  Ana.,  cl.  OV. 
XI  Bolcbs,  Pogg.  Ann.,  cvill.  163. 
'"  Joule,  Report  oC  tbe  Committee  on  Eluclrlcil  Standards  of  tbe  B 

1873,  p.  175. 
'-  B.  F.  Weber.  PMl.  Msg.,  ser.  S.  t,  SO. 
"  F«vre,  Comple*  Rend.,  ilvli.  589. 
"  Regnsnlt.  Rel.  des  Experiences,  torn.  II. 
""  E.  Wiedemsnn,  Pogg.  Ann.,  cl*li.  1. 

"■CUmentet  Ditormet,  Joanisl  de  Pbyilqae,  Uxxii.  aXS,  UIV. 
1*  Laplsce,  Uic.  Celeste,  v.  l'J5. 

»  MssBOD,  Ann.  de  Chlm.  et  de  Phys.,  Bcr.  »,  torn.  IIIL 
^  Welibscb,  Der  ClTliingemenr,  Nene  Folge,  Bd.  T.,  1U». 
>"  Ilirn,  Tb«orle  Mic.  de  la  Cbslear,  I,  111. 
■"  Fssre  el  Silbermann,  Ann.  do  Chim.,  ser.  S,  xxnlL  ISfil, 
'•  Cszln,  Ann.  de  Cbim.,  ser.  3,  torn.  liTl. 
■'  Dupr£,  Ann.  de  Chlm.,  S°»  ser,  livti.  350,  1883. 
'1  Koblrauscb,  Poire.  Ann.,  cisivl.  (118. 
■»  Rontgen,  Fogg.  Ann.,  cilTlil.  603. 
'"  Jamln  et  Richard,  Comptca  Rend.,  Ixxl.  336. 
I'  Treses  et  Labonlaye,  Comptes  Rend.,  ItUI.  3&S.     Ann.   du  Conserv.  t 


:t  Mftie 


i.  365. 


go,  M^m.  ScL,  11.  1 
eslso  SbrSder  van 


"  Amsgst,  Comptes  Rend.,  Ixxvll.  1325. 

■I  Mim.  de  I'Acad.  des  Sci.,  1T3S,  p.  135. 

"'  Benzenberg,  Gilbert's  Annalen,  illl.  1. 

"■  Goldlniiham,  Phil.  Traos.,  1823,  p.  BH. 

"  Ann.  de  Chim.,  1822.  xs.  210  slso,  (Envres  i 

'■  Stampfer  nnd  Von  Myrbscb,  PogR.  Ann.,  r. 

-I  .Moll  and  Van  Beek,  Pbil.  Trans.,  1.S24,  p.  43- 

Phil.  Mag.,  1865. 
11  Psrrj  and  Foster.  Journal  of  tbe  Third  Voyage,  1834-.5,  Appendl: 

Trans..  1S28,  p.  HT. 
I"  Savart,  Ann.  de  Chim..  ser.  2,  lixl.  20.      RecaUniated. 
"  Bravais  et  Martins,  Ann.  de  Cbim.,  ser.  3,  xtil.  5. 
'I  Kegnanlt,  Rel.  des  Exp.,  iii.  .W3. 
ill  Delaroebe  et  Bfrard,  Aon,  de  Chim.,  Uisv.  72  and  113. 
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Estimating  the  weight  rather  arbitrarily^  I  have  combined  them  as 
follows: 

Estimated  Weight 
of  Ob8er\'atioii. 

2 
2 
2 

4 
3 
7 
1 
1 
4 
10 


No. 

Velocity  at  (y»-C. 
Dry  Air. 

1 

332-6 

2 

332-7 

3 

330-9 

4 

330-8 

5 

332-5 

6 

332-8 

7 

332-0 

8 

331-8 

9 

332-4 

10 

330-7 

Mean      331-75 

Or,  corrected  for  the  normal  carbonic  acid  in  the  atmosphere,  it  be- 
comes 331-78  metres  per  second  in  dry  pure  air  at  0®  C. 

From  Regnault's   experiments  on   the  velocity  in  pipes  I  find  by 
graphical  means  331-4  ni.  in  free  air,  which  is  very  similar  to  the  above. 

CaUmlction  from  Properties  of  Oases 

K=:  specific  heat  of  gas  at  constant  pressure. 
k  =  specific  heat  of  gas  at  constant  volume. 
JO  =  pressure  in  absolute  units  of  a  unit  of  mass. 
t;==  volume  in  absolute  units  of  a  unit  of  mass. 
ji  =  absolute  temperature. 
/=  Joule's  equivalent  in  absolute  measure. 
K 

General  formula  for  all  bodies: 

1 


-  —  XL  (^l\ 
''--K\'di.j.\'dr^j  r-r 


H        *^* 

Henry  A.  Kowland 

■ 

m       Ako, 

J= 

1 

^^^                Applicution 

to  gases;  Rankine's  formula  is,— 

jn>  = 

:«(,-„/;- i), 

^^^H 

{%)r 

f^'4-?)' 

^ 

[t)r 

T^-7^^). 

m.- 

(-") 

1 

H                  If  a.  is  the  coefficient  of 

expansion  between  0° 

and  100' 

then            ^H 

I't 

=  i(l+00835in), 

^1 

H            wboiee 

J 

='i'-:(F^). 

* 

^1               where   a^  and 

«;  are  the 

true  coefEcients  of  espansioa 

at  the  given 

^^^^^  temperature; 

•  ^=£( 

• 

J 

J=4' . 


According  to  Thomson  and  Joule's  experiments  m  =  0°  -33  C.  for  air 
and  about  S^-O  for  CO^.     Hence  /(o^272°-99. 

The  equations  should  be  applied  to  the  observations  directly  at  the 
given  temperature,  but  it  will  generally  be  sufficient  to  use  them  after 
reduction  to  0°  C.  Using  K  —  -2375  according  to  Eegnault  for  air,  we 
have  for  the  latitude  of  Baltimore, — 

J  . 


From  Rontgen's  value  r 
"    Amagat'g       " 


=  1-4053 

1-397 


-  =  430-3° 


velocity  of  sound  331-78m.  per  sec- 


"Rontgen  gives  the  valoe  4a81  for  tbe  latitude  ot  Parlt  at  CBlcoUted  bj'kformnli 
of  Sbroder  v.  d.  Kolh,  aad  427-3  from  the  formula  tor  a  perfect  gas,  and  these  both 
agree  more  uearl;  with  my  result  than  that  calcalated  from  m;  own  formala. 


On  the  Mechanical  Equivalent  of  Heat  415 

Using  Wiedemann's  value  for  JT,  -2389,  these  become 

^  =  427-8 ;       -^  =  434-0 ;       ^  =  427-1 . 
9  9  '9 

As  Wiedemann,  however,  used  the  mercurial  thermometer,  and  as 
the  reduction  to  the  air  thermometer  would  increase  these  figures  from 
•2  to  -8  per  cent,  it  is  evident  that  Begnault's  value  for  K  is  the  more 
nearly  correct.    I  take  the  weights  rather  arbitrarily  as  follows : 

Weight.  J. 

Eontgen  3  430-3 

Amagat  1  436*6 

Velocity  of  sound        4  429-6 


Mean  430*7 

And  this  is  of  course  the  value  referred  to  water  at  14°  C.  and  in  the 
latitude  of  Baltimore.     My  value  at  this  point  is  427-7. 

This  determination  of  the  mechanical  equivalent  from  the  properties 
of  air  is  at  most  very  imperfect,  as  a  very  slight  change  in  either  y  or 
the  velocity  of  sound  will  produce  a  great  change  in  the  mechanical 
equivalent. 

From  Theory  of  Vapors 

Another  important  method  of  calculating  the  mechanical  equivalent 
of  heat  is  from  the  equation  for  a  body  at  its  change  of  state,  as  for 
instance  in  vaporization.  Let  v  be  the  volume  of  the  vapor,  and  v'  the 
volume  of  the  liquid,  H  the  heat  required  to  vaporize  a  unit  of  mass  of 
the  water;  also  let  p  be  the  pressure  in  absolute  units,  and  /i  the  absolute 
temperature.     Then 


V  —  V  = 


JH 


1^ 


\  dfJL  i 


The  quantity  H  and  the  relation  of  p  to  /i  have  been  determined  with 
considerable  accuracy  by  Regnault.  To  determine  J  it  is  only  required 
to  measure  the  volume  of  saturated  steam  from  a  given  weight  of  water; 
and  the  principal  difficulty  of  the  process  lies  in  this  determination, 
though  the  other  quantities  are  also  difficult  of  determination. 

This  volume  can  be  calculated  from  the  density  of  the  vapor,  but  this 
is  generally  taken  in  the  superheated  state. 
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The  experiments  of  Fairhairu  and  Tate"  are  probably  t.he  besi  direct 
experiments  on  the  density  of  satiirated  vapor,  but  even  those  do  not 
pretend  to  a  greater  accuracy  than  about  1  in  100.  With  Eegnault's 
values  of  the  other  quantities,  they  give  about  Joule's  value  for  the 
equivalent,  namely  425,  Him,  Herwig,  and  others  have  also  made  the 
determination,  but  the  results  do  not  agree  very  well.  Herwig  even 
used  a  Geissier  standard  thennomcter,  which  I  have  shown  to  depart 
very  much  from  the  air  thermometer. 

Indeed,  the  experiments  on  this  subject  are  bo  uncertain,  that  physi- 
cists have  about  concluded  to  use  this  method  rather  for  the  deter- 
miuation  of  the  volume  of  saturated  vapors  than  for  the  mechanical 
equivalent  of  heat. 

From  the  Steam-EnBtne  and  Erpofifiion  of  Metal* 
The  experiments  of  Him  on  the  ateam-engine  and  of  Edlund  on  the 
expansion  and  contraction  of  metals,  are  very  excellent  as  illustrating 
the  theory  of  the  subject,  but  cannot  have  any  weight  as  accurate  deter- 
minations of  the  equivalent. 

Prom  PrWion  Experimtnts 

Experiments  of  this  nature,  that  is,  irreversible  processes  for  con- 
verting mechanical  energy  into  heat,  give  by  far  the  best  methods  for 
the  determination  of  the  equivalent, 

Rumford's  experiment  of  1798  is  only  valuable  from  an  hietoncal 
point  nf  view.  .Tonic's  rrpullP  since  184^  undoubtedly  pive  the  best 
data  we  yet  have  for  the  determination  of  the  equivalent.  The  mean  of 
all  his  friction  experiments  of  1847  and  1850  which  are  given  in  the 
table  is  425*8,  though  he  prefers  the  smallest  number,  423-9,  of  1850, 
This  last  number  is  at  present  accepted  throughout  the  civilized  world, 
though  there  is  at  present  a  tendency  to  consider  the  number  too  small. 
But  this  value  and  his  recent  result  of  1878  have  undoubtedly  as  much 
weight  as  all  other  results  put  together. 

As  sources  of  error  in  these  determinations  I  would  suggest,  first, 
the  use  of  the  mercurial  instead  of  the  air  thennometer.  Joule  com- 
pared his  thermometers  with  one  made  by  Fastre.  In  the  Appendix 
to  Thermomelry  I  give  the  comparison  of  two  thermometers  made  by 
Fastr^  in  1850,  with  the  air  thennometer,  as  well  as  of  a  large  number 
of  others.    From  this  it  seems  that  all  thermometers  as  far  as  measured 

"Phil.  Mag.,  ser-  4,  iii,  230, 
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lUad  above  the  sir  thermometer  between  0"  and  100°,  and  that  the 
lTn«ge(or  the  Fastre  at  40°  is  about  0°-l  C.  "Using  the  formula  given 
ia  TUrmometry  this  would  producii  an  error  of  about  3  parts  in  1000 

tlS'C,  the  temperature  Joule  used. 

The  specific  heat  of  copper  which  Joule  usea,  namely,   -09515,  is 

ndoubtedly  too  large.  Using  the  value  deduced  from  more  recent 
in   calculating   the   capacity   of   my   calorimeter,    -0922, 

Wla's  number  would  again  be  increased  13  parts  in  10,000,  bo  that 

«  have,— 

Joule's  value    423-9,  water  at  lo'-rC. 

Redaction  to  air  thermometer +13 

Correction  for  specific  heat  of  copper. .+  -5 
Correction  to  latitude  of  Baltimore. .    .+  -5 

426' 2 

It  does  not  seem  improbable  that  this  should  be  still  further  in- 
sed,  seeing  that  the  reduction  to  the  air  thermometer  is  the  smallest 
ible,  aa  most  other  thermometers  which  I  have  measured  give 
iter  correction,  and  some  even  more  than  three  times  as  great  as 
one  here  used,  and  would  thus  bring  the  value  even  as  high  as  429. 
He  very  serious  defect  in  Joule's  experiments  is  the  small  range 
leniperature  used,  this  being  only  about  half  a  degree  Fahrenheit, 
ibont  six  divisions  on  bis  thermometer.  It  would  seem  almost  im- 
Dble  to  calibrate  a  tbei-mometer  so  accurately  that  six  divisions 
lid  be  accurate  to  one  per  cent,  ajad  it  would  certainly  need  a  very 
[fnl  observer  to  read  to  that  degree  of  accuracy.  Further,  the  same 
lDomet«r  "A"  was  used  throughout  the  whole  experiment  with 
T,  and  so  the  error  of  calibration  was  hardly  eliminated,  the  tem- 
tnre  of  the  water  being  nearly  the  same.  In  the  experiment  on 
ilver  another  thermometer  was  used,  and  he  then  finds  a  higher 
,  424-7,  which,  reduced  as  above,  gives  437-0  at  Baltimore. 
s  experiments  on  the  friction  of  iron  should  be  probably  rejected 
xrust  of  the  large  and  uncertain  correction  for  the  energy  given 
Boimd. 

(  recent  experiments  of  1878  give  a  value  of  773-55,  which  re- 

giTCS  at  Baltimore  436-3,  the  same  as  the  other  experiment. 

agreement  of  these  reduced  values  with  my  value  at  the  same 

.tare,  namely  4273,  is  certainly  very  remarkable,  and  shows 

an  accurate  experimenter  Joule  must  be  to  get  with  his  simple 


bersi 
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apparatus  results  ?o  near  those  from  my  elaborate  apparatus,  vbicli 
almost  grinds  out  accurate  results  without  lahor  except  in  reduction.    ' 
Indeed,  the  quantity  is  the  same  as  I  find  at  about  20°  C, 

The  experiments  of  Hirn  of  1860-61  seem  to  point  to  a  value  of  the 
equivalent  higher  than  that  found  by  Joule,  but  the  details  of  the 
experiment  do  not  seem  to  have  been  published,  and  they  certainly 
were  not  reduced  to  the  air  thermometer. 

The  method  used  by  Violle  in  1870  does  not  seem  capable  of  accur- 
acy, seeing  that  the  heat  lost  by  a  disc  in  rapid  rotation,  and  while 
carried  to  the  calorimeter,  must  have  been  uncertain. 

The  experiments  of  Him  are  of  much  interest  from  the  methods 
used,  but  can  hartJly  have  weight  as  accurate  determinations.  Some 
of  the  methods  will  be  again  lef erred  to  when  I  come  to  the  description 
of  apparatus. 

Method  hu  Heat  Qenerated  l/y  Electric  Curmt 

The  old  experiments  of  Quintus  Iciliue  or  Lenz  do  not  have  any 
except  historical  value,  seeing  that  Weber's  measure  of  absolute  resist- 
anee  va»  certainly  incorrect  and  we  now  have  no  means  of  iinding  ita 
error. 

The  theory  of  the  process  is  as  follows.  The  enei^  of  electricity 
being  the  product  of  the  potential  by  the  quantity,  the  energy  ex- 
pended by  forcing  the  quantity  of  electricity,  <?,  along  a  wire  of  re- 
sistance, E,  ia  a.  second  of  time,  must  be  Q'R,  and  as  this  must  equal 
the  mechanical  equivalent  of  the  heat  generated,  we  must  have  JH  ^ 
Q^Rt,  where  H  is  the  heat  generated  and  t  is  the  time  the  current  Q 
flows. 

The  principal  difficulty  about  the  determination  by  this  method 
seems  to  be  that  of  finding  R  in  absolute  measure.  A  table  of  the 
values  of  the  ohm  as  obtained  by  different  observers,  was  published  by 
me  in  my  paper  on  the  'Absolute  Unit  of  Electrical  Resistance,'  in 
the  American  Journal  of  Science,  Vol.  XV,  and  I  give  it  here  with 
some  changes. 

The  ratio  of  the  Siemens  unit  to  the  ohm  is  now  generally  taken  at 
■9536,  though  previous  to  1864  there  seems  to  have  been  some  doubt 
as  to  the  value  of  the  Siemens  unit. 

Since  1863-4,  when  units  of  resistance  first  began  to  be  made  with 
great  accuracy,  two  determinations  of  the  heat  generated  have  been 
made.  The  firi^t  by  Joule  with  the  ohm,  and  the  second  by  H.  F. 
Weber,  of  Zurich,  with  the  Siemens  nnit. 
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Each  determination  of  resistance  with  each  of  these  experiments 
giT€8  one  value  of  the  mechanical  equivalent.  As  Lorenz's  result  was 
only  in  illustration  of  a  method^  I  have  not  included  it  among  the  exact 
determinations. 

table  XXXI. 


nue. 

1849 
1851 

1869 
188M 

1870 
187S 
1878 

1878 

Observer. 

Value  of  Ohm. 

Remarks. 

Kirehhoff 
Weber 

Weber 

B.  A.  Committee 

Kohlntaich 

Lorenz 

Rowland 

H.  F.  Weber 

•88  to     00 
•05  to     07 
(  1-088 
^1075 
jlOOOO 
}      008 

1-0108 
•075 
•0011 «» 

10014 

Approximately. 
Approximately. 
From  Thomson's  nnit. 
From  Weber* s  yalne  of  Siemens  nnit. 
Mean  of  all  results. 
Corrected  by  Rowland  to  zero   vel- 
ocity of  coil. 

Approximately. 

From  a  preliminary  comparison  with 

the  B.  A.  nnit. 
Using  ratio  of  Siemens  unit  to  ohm, 

•0586. 

The  result  found  by  Joule  was  J  =  25187  in  absolute  measure  using 
fcctand  degrees  F.,  which  becomes  429*9  in  degrees  C.  on  a  mercurial 
ttcnnometer  and  in  the  latitude  of  Baltimore,  compared  with  water 

table  XXXII. — Ezpbrimbkts  of  Joule. 


1              Observer. 

Value  of 
B.  A.  Unit. 

Mechanical  equivalent 
from  Joule  B  Exp. 

Mechanical  equivalent 
reduced  to  Air  Ther- 
mometer   and    cor- 
rected for  8p.  Ht.  of 
Copper. 

/  B.  A  Committee 

1-0000 
•008 

10108 
•0011 

10014 

420-0 
426-0 
488-2 
426-1 
480-5 

481-4 
428-4 
480-7 
427-6 
482-0 

'  Bftto  corrected  by  Rowland 
Keklramieh. 

Bewlaod 

1  y,  Weber 

!^  The  experiments  of  H.  F.  W^ber**  gave  428- 15  in  the  latitude  of 
fenrich  and  for  1**  C.  on  the  air  thermometer  and  at  a  temperature  of 
|B*  C.  This  reduced  to  the  latitude  of  Baltimore  gives  428-45. 
i-Mj  own  value  at  this  temperature  is  426-8,  which  agrees  almost 
jBUrtly  with  the  fourth  value  from  my  own  determination  of  the  abso- 
lie  nnit.*' 

■OiTen  -M13  by  mistake  in  the  other  tables. 

■  FhlL  Mmg.,  1878,  5th  ser.,  v.  185. 

VTbe  rmlne  of  the  ohm  found  by  reversing  the  calculation  would  be  -002,  almost 
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Henry  A.  Howl.vnd 


There  can  be  no  doubt  that  Joule's  result  is  most  exact,  and  henee 
I  have  given  hie  results  twice  the  weight  of  Weber's.  Weber  used  a 
wire  of  about  14  ohms'  resistance,  and  a  small  calorimeter  holding  only 
250  grammes  of  water.  This  wire  was  apparently  placed  in  the  water 
without  any  insulating  coating,  and  yet  current  enough  was  sent 
through  it  to  heat  the  water  15°  during  the  experiraent.  No  precau- 
tion seems  to  have  been  taken  as  to  the  current  passing  into  the  water, 
which  Joule  accurately  investigated.  Again,  the  water  does  not  seem 
to  have  been  continuously  stirred,  which  Joule  found  necessary.  And 
further,  Newton's  law  of  cooling  does  not  apply  to  so  great  a  range 
as  16°,  though  the  error  from  this  source  was  probably  small.    Further- 

TABLE  XXXIII. 


BxrxiuHMmB  or  H.  F.  Wibib. 

Mean    of    Joule    and 
Weber,  glvliie'  Joule 
twice  the  Weight  ol 

Observer. 

Value  of 
aA-Onlt. 

Sfwfaaiilcal  e4u!<>-&l'-><t 
of  Hut  froDiWeber'8 

HeaQ   equivalent   re- 
duoad    to  Air  Ther- 
mometer Ip  Ibe  Lstl- 

1-000 
■  098 

i.oitts 
■eeii 

1-0014 

427-9 

434 -e 

*se-3 

434. 1 
438.6 

480-3 
427- a 
4S9.1 
436-4 

431-4                 J 

I 

Ditto  aorKctad  lij  Rowland 

more,  I  know  of  no  platinum  which  has  an  increase  of  coefBcient  of 
■001054  for  1°  C,  but  it  is  usually  given  at  about  -003. 

There  can  be  no  doubt  that  experiments  depending  on  the  heating 
of  a  wire  give  too  small  n  value  of  the  equivalent,  seeing  that  the 
temperature  of  the  wire  during  the  heating  must  always  be  higher 
than  that  of  the  water  surrounding  it,  and  hence  more  heat  will  be 
generated  than  there  should  be.  Hence  the  numbers  should  be  slightly 
increased.  Joule  used  wire  of  platinum-silver  alloy,  and  Weber  plati- 
num wire,  which  may  account  for  Weber's  finding  a  smaller  value  than 
Joule,  and  Weber's  value  would  be  more  in  error  than  Joule's.  Undoubt- 
edly this  is  a  serious  source  of  error,  and  I  am  about  to  repeat  an 
experiment  of  this  kind  in  which  it  is  entirely  avoided.  Considering 
this  source  of  error,  these  experiments  confirm  both  my  value  of  the 
ohm  and  of  the  mechanical  equivalent,  and  unquestionably  show  a  large 
error  in  Kohlrausch's  absolute  value  of  the  Siemens  unit  or  ohm. 
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The  eiperimentfi  of  Joule  and  Favre,  where  the  heat  generated  by 

CBirent,  both  when  it  does  mechanical  work  and  when  it  does  not, 
iieteiy  interesting,  but  can  hardly  have  any  weight  in  an  estimation 
of  the  true  value  of  the  equivalent. 

The  method  of  calculating  the  equivalent  from  the  chemical  action 
in  a  battery,  or  the  electro-motive  force  required  to  decompose  any 
iubitance,  Buch  as  water,  is  as  follows: 

Let  B  be  such  electro-motive  force  and  c  be  the  quantity  of  chemical 
iubstance  fonned  in  battery  or  decomposed  in  voltameter  per  second. 
Then  total  energy  of  current  of  energy  per  second  is  EQ,  where  Q  is 
■he  current,  or  cQHJ,  where  H  is  the  heat  generated  by  unit  of  c,  or 
fequired  to  decompose  unit  of  c.  Hence,  if  the  process  is  entirely 
'■noBible,  we  must  have  in  either  case 
CEJ  =  E. 
the  process  is  not  always  reversible,  seeing  that  it  requires  more 

Wtro-motive  force  to  decompose  water  than  is  given  by  a  gas  battery. 
Wi  ii  probably  due  to  the  formation  at  first  of  some  unstable  com- 
Urand  like  ozone.  The  procesa  with  a  battery  seems  to  be  best,  and  we 
thus  apply  it  to  the  Daniell  cell.  The  following  quantities  are 
mostiy  taken  from  Kohlrausch. 

The  quantity  c  has  been  found  by  various  observers,  and  Kohlrausch  " 

gJTMthe  mean  value  as  -009421  for  water  according  to  his  units  (mg., 

second  system).     Therefore  for  hydrogen  it  is  ■001047', 

The  qmintity  H  can  be  observed  directly  by  short-circuiting  the 
r^  or  can  be  found  from  experiments  like  those  of  Favre  and 


b«  dectro-motive  force  E  can  be  made  to  depend  either  upon  the 
lute  measure  of  resistance,  or  can  be  determined,  as  Thomson  has 
!,  in  electro-static  units.     In  electro-magnetic  units  it  is 

AbBoluto  Measure 
DctoriDlaBlIon. 

After  Waltenhofen  11-43  1090  10-80x10'° 

"      Kohlrausch"  11-71  11-17  11-07x10'° 

T  Favre,  1  equivalent  of  zinc  developes  in  the  Daniell  cell 
imits; 

■     J^        -g 
9        cHg ' 

»SK-  Ann.,  cilfi,  1T9.  

i*«n  by  Koblranicb,  Pogg.  Ann.,  cxilx,  1S2. 


4S9  Hkxry  a.  Kowland  ^^^^H 

On  the  mg.,  mm.,  second  sjstein.  we  have  ^  =  10-935  X  10",  c  = 
■00104T,  H^  =  23993,  j;  ^  9800  5  at  Baltimore. 

.-.     —  =  444160  mm.  —  444-3  metrea. 
9 

Using  KohlrauBch'a  value  for  absolute  resietanee,  he  finds  456-5, 
which  is  much  more  in  error  than  that  from  my  determination.  I  do 
not  give  the  calculation  from  the  Grove  battery,  because  the  Grove 
battery  is  not  revereible,  and  action  takes  place  in  it  even  when  no 
current  flows. 

Thomson  finds  the  difl'erence  of  potential  between  the  poles  of  a 
Daniell  celt  in  electro-static  measure  to  be  -00374  on  the  cm.,  grm., 
second  system."  Using  the  ratio  39,900.000,000  cm.  per  second,  aa  I 
have  recently  found,  but  not  yet  published,  we  have  111,800,000  on 
the  electro-magnetic  system  or  11-18  X  10'"  on  the  mm.,  mg.,  second 
sjistem.     This  gives 

r  ^  =  474.3  metres.  ■ 

I  ^ 

General  Criticism 

All  the  results  so  far  obtained,  except  those  of  Joule,  seem  to  be  of 
the  crudest  description;  and  even  when  care  was  apparently  taken  in 
the  esperiment,  the  method  seems  to  be  defective,  or  the  determination 
is  made  to  rest  upon  the  determination  of  some  other  constant  whose 
value  is  not  accurately  known.  Again,  only  one  or  two  observers  have 
conipared  their  thermometers  with  the  air  Thermometer,  although  I 
have  shown  in  '  TJiomiometry '  that  an  error  of  more  than  one  per 
cent  may  be  made  by  this  method.  The  range  of  temperature  is  also 
small  as  a  general  rule  and  the  specific  heat  of  water  is  assumed  con- 
stant. 

Hence  a  new  determination,  avoiding  these  sources  of  error,  seems 
to  be  imperatively  demanded. 

(''.)  DeaciiptloD  of  Appaiataa 
1.  Pbei.iuinaby  Rbmares 
As  we  have  seen  in  the  historical  portion,  the  only  experiments  of  a 
high  degree  of  accuracy  to  the  present  time  are  those  of  Joule.  Looked 
at  from  a  general  point  of  view,  the  principal  defects  of  hie  method 
were  the  use  of  the  mercurial  instead  of  the  air  thermometer,  and  the 
small  rate  at  which  the  temperature  of  his  calorimeter  rose. 

""Thomsoii,  Tapers  od  Eleotroitstics  and  Magnetlgm,  p.  SM. 
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In  deyising  a  new  method  a  great  rise  of  temperature  in  a  shon  time 
wu  considered  to  be  the  great  point,  combined,  of  course,  with  an  aecu- 
nte  measnrement  of  the  work  done.    For  a  great  rise  of  temperature 
grett  work  must  be  done,  which  necessitates  the  use  of  a  steam-engine 
w  other  motive  power.    For  the  measurement  of  the  work  done,  there 
ii  only  one  principle  in  use  at  present,  which  is,  that  the  work  trans- 
niited  by  any  shaft  in  a  giren  time  is  equal  to  2r  times  the  product  of 
tte  moment  of  the  force  by  the  number  of  revolutions  of  the  shaft  in 
tint  time. 
In  mechanics  it  is  common  to  measure  the  amoimt  of  the  force 
Wsting  the  shaft  by  breaking  it  at  the  given  point,  and  attaching  the 
I   tvD  ends  together  by  some  arrangement  of  springs  whose  stretching 
pT»the  moment.    Morin's  dynamometer  is  an  example.    Him**  gives 
I  method  which  he  seems  to  consider  new.  but  which  is  immediatelv 
wcognized  as  Huyghens's  arrangement  for  winding  clocks  without  stop- 
pngthem.    As  cords  and  pulleys  are  used  which  may  slip  on  each  other, 
it  cumot  possess  much  accuracy.     I  have  devised  a  method  by  cog- 
rteela  which  is  more  accurate,  but  which  is  better  adapted  for  use  in 
the  machine-shop  than  for  scientific  experimentation. 

But  the  most  accurate  method  known  to  engineers  for  measuring  the 

*wk  of  an  engine  is  that  of  White's  friction  brake,  and  on  this  I  have 

liied  my  apparatus.    Him  was  the  first  to  use  this  principle  in  deter- 

Biniiig  the  mechanical  equivalent  of  heat.    In  his  experiment  a  hori- 

iontal  axis  was  turned  by  a  steam-engine.     On  the  axis  was  a  pulley 

vith  a  flat  surface,  on  which  rested  a  piece  of  bronze  which  was  to  be 

kated  by  the  friction.     The  moment  of  the  force  with  which  the  f ric- 

fion  tended  to  turn  the  piece  of  bronze  was  measured,  together  with 

the  velocity  of  revolution.     This  experiment,  which  Him  calls  a  balance 

ie  frottement,  was  first  constructed  by  him  to  test  the  quality  of  oils  used 

n  the  industrial  arts.    He  experimented  by  passing  a  current  of  water 

hrough  the  apparatus  and  observing  the  temperature  of  the  water  be- 

)re  and  after  passing  through.     He  thus  obtained  a  rough  approxima- 

on  to  Joule's  equivalent. 

He  afterward  constructed  an  apparatus  consisting  of  two  cylinders 
out  30  cm.  in  diameter  and  100  cm.  long,  turning  one  within  the 
ber,  the  annular  space  between  which  could  be  filled  with  water,  or 
rough  which  a  stream  of  water  could  be  made  to  flow  whose  tenipora- 
■e  could  be  measured  before  and  after.  The  work  was  measured  by 
•  same  method  as  before. 

Exposition  de  la  Th6orie  Mdcantqae  de  la  Chaleur,  3>°«  ^d.,  p.  18. 
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But  in  neither  of  these  methods  does  Hirn  6eem  to  have  recognized 
the  principle  of  the  work  transmitted  by  a  shaft  being  equal  to  the 
moment  of  the  force  multiplied  by  the  angle  of  rotation  of  the  shaft. 
In  designing  his  apparatus,  lie  evidently  had  in  view  the  reproduction 
in  circular  motion  of  the  case  of  friction  between  two  planes  in  linear 
motion. 

Since  I  designed  my  apparatus,  Pulnj"  has  designed  an  instrument 
to  be  worked  by  hand,  and  based  on  the  principle  used  by  Hirn.  He 
places  the  revolving  asis  vertical,  and  the  friction  part  consists  of  two 
cones  rubbing  together.  But  no  new  principle  is  involved  in  his  appa- 
ratus further  than  in  that  used  by  Hirn. 

In  my  apparatus  one  of  the  new  features  has  been  the  introduction 
of  the  Joule  calorimeter  in  the  place  of  the  friction  cylinders  of  Him 
or  the  cones  of  Puluj.  At  first  sight  the  currents  and  whirlpools  in 
such  a  calorimeter  might  be  supposed  to  have  some  effect;  but  when 
the  motion  is  steady,  it  is  readily  seen  that  the  torsion  of  the  calorimeter 
is  equal  to  that  of  the  shaft,  and  hence  the  principle  must  apply. 

This  change,  together  with  the  other  new  features  in  the  experi- 
ments and  apparatus,  baa  at  once  made  the  method  one  of  extreme 
accuracy,  surpassing  all  others  very  many  fold. 

2.    Gekebai.  Descbiftion 

The  apparatus  was  situated  in  a  small  building,  entirely  separate 
from  the  other  University  buildings,  and  where  it  was  free  from  dis- 
turbances. 

Fig.  G  gives  a  general  view  of  the  apparatus.  To  a  movable  axis,  ab, 
a  calorimeter  similar  to  Joule's  is  attached,  and  the  whole  is  suspended 
by  a  torsion  wire,  c.  The  shaft  of  the  calorimeter  comes  out  from  the 
bottom,  and  is  attached  to  a  shaft,  ef,  which  receives  a  uniform  motion 
from  the  engine  by  means  of  the  bevel  wheels  g  and  ft.  To  the  axis, 
ab,  an  accurate  turned  wheel,  kl,  was  attached,  and  the  moment  of 
the  force  tending  to  turn  the  calorimeter  was  measured  by  the  weights 
0  and  p,  attached  to  silk  tapes  passing  around  the  circumference  of  the 
wheel  in  combinjition  with  the  torsion  of  the  suspending  wire.  To  this 
axis  was  also  attached  a  long  arm,  having  two  sliding  weights,  q  and  r, 
by  which  the  moment  of  inertia  could  be  varied  or  determined. 

"PoRg.  AnD..clvii,  437. 

t>Jou1e'a  latest  results  were  publisbed  after  this  was  written,  and  I  was  not  aware 
tbat  lin  had  made  tbls  improvement  antll  Utsly.  Tbe  result  ot  bit  experiment,  bow- 
ever,  readied  me  soon  after,  and  I  bave  referred  to  it  In  the  paper,  but  I  did  not  aee 
the  complete  paper  until  much  later. 
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The   number  of  revolutions  was  determined  by  a  chronograph,  which 

received  motion  by  a  screw  on  the  shaft  ef,  and  which  made  one  revo- 
lution for  102  of  the  shaft.  On  this  chronograph  was  recorded  the 
transit  of  the  mercury  over  the  divisions  of  the  thermometer. 

Around  the  calorimeter  a  water  jacket,  Iv,  made  in  halves,  was 
placed,  HO  that  the  radiation  could  be  estimated.  A  wooden  box  sur- 
rounded the  whole,  to  shield  the  observer  from  the  calorimeter. 

The  action  of  the  apparatus  is  in  general  as  follows:  As  the  inner 
paddles  revolve,  the  water  strikes  against  the  outer  paddles,  and  ao 
tends  to  turn  the  calorimeter.  When  this  force  is  balanced  by  the 
weights  op,  the  whole  will  be  in  equilibrium,  which  is  rendered  stable 
by  the  torsion  of  the  wire  cd.  Should  any  slight  change  take  place  in 
the  velocity,  the  calorimeter  will  revolve  in  one  direction  or  the  other 
until  the  torsion  brings  it  into  equilibrium  again.  The  amount  of  tor- 
sion read  off  on  a  scale  on  the  edge  of  kl  gives  the  correction  to  be 
added  to  or  subtracted  from  the  weights  op. 

One  obsener  constantly  reads  the  circle  hi,  and  the  other  constontlr 
records  the  transits  of  the  mercury  over  the  divisions  of  the  ther- 
mometer. 

A  series  extending  over  from  one  half  to  a  whole  Iinur.  and  record- 
ing a  rise  of  15°  C.  to  perhaps  85°  C,  and  in  which  a  record  was  made 
for  perhaps  each  tenth  of  a  degree,  would  thus  contain  several  hundred 
observations,  from  any  two  of  which  the  equivalent  of  heat  could  be 
determined,  though  they  would  not  all  be  independent.  Such  a  series 
would  evidently  have  immense  weight:  and.  in  fact,  I  estimate  that, 
neglecting  constant  errors,  a  single  series  has  more  weight  than  all  of 
Joule's  experiments  of  1840.  on  water,  put  together.** 

The  correction  for  radiation  is  inversely  proportional  to  the  ratio  of 
the  rate  of  work  generated  to  the  rate  at  which  the  heat  is  lost; 
and  this  for  equal  ranges  of  temperature  is  only  jV  as  great  in  my 
measures  as  in  Joule's;  for  Joule's  rate  of  increase  was  about  0°-62C. 
per  hour,  while  mine  is  about  35°  C.  in  the  same  time,  and  can  be  in- 
creased to  over  A^"  C.  per  hour. 

3.      DETAtl^ 

The  Calorimeter 

Joule's  calorimeter  was  made  in  a  very  simple  manner,  with  few 

paddles,  and  ^vithout  reference  to  the  production  of  currents  to  mix 

"Forty  exiH-rlmcnls,  witli  an  averogB  rise  of   temperature  of   0''-56  F.,  eqnal  to 
C-Sl  C,  glres  a  tolsl  rise  of  !3'>4  C,  whlcli  I9  only  about  two-thlrda  the  aTera|;e  of 
ffltb  equal  accuracj,  and  my 
e  correct. 
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up  the  water.     Hence  the  paddles  were  made  without  solder,  and  were 
screwed  together.     Indeed,  Ihere  was  no  solder  about  the  apparatus. 

But,  for  my  purpose,  the  number  of  paddlea  must  he  multiplied,  so 
that  there  shall  be  no  jerk  in  the  motion,  and  that  the  resistance  may 
be  great;  they  must  be  stronger,  to  resist  the  force  from  the  engine, 
and  they  must  be  light,  so  as  not  to  add  an  uncertain  quantity  to  the 
calorilic  capacity.  Besides  this,  the  shape  must  be  such  as  to  cause 
the  whole  of  the  water  to  run  in  a  constant  stream  past  the  thermom- 
eter, and  to  cause  constant  exchange  between  the  water  at  the  top  and 
at  the  bottom. 


j^JL. 


Fig.  7  shows  a  section  of  the  calorimeter,  and  Fig.  8  a  perapectiye 
view  of  the  revolving  paddles  removed  from  the  appamtus,  and  with  the 
exterior  paddles  removed  from  around  it;  which  could  not,  however,  be 
accomplished  physically  without  destroying  them. 

To  the  axis  cb.  Fig.  7,  which  was  of  steel,  and  6  mm.  in  diameter,  a 
copper  cylinder,  ad,  was  attached,  by  means  of  four  stout  wires  at  e, 
and  four  more  at  /.  To  this  cylinder  four  rings,  g,  k,  i.  j,  were  attached, 
which  supported  the  paddles.  Each  one  had  eight  paddles,  but  each 
ring  was  displaced  through  a  small  angle  with  reference  to  the  one 
below  it,  so  that  no  one  paddle  came  over  another.  This  was  to  make 
the  resistance  continuous,  and  not  periodical.  The  lower  row  of  pad- 
dles were  turned  backwards,  so  that  they  had  a  tendency  to  throw  the 
water  outwards  and  make  the  circulation,  as  I  shall  show  afterwards. 
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AroUBd  theee  movable  paddles  were  the  stationary  paddles,  consist- 
ing of  five  rows  of  ten  each.  These  were  attached  to  the  movable 
paddles  by  bearings,  at  the  points  c  and  fc,  of  the  shaft,  and  were  re- 
moved with  the  latter  when  this  was  taken  from  the  calorimeter. 
When  the  whole  was  placed  in  the  calorimeter,  theae  outer  paddles  were 
attached  to  it  by  means  of  four  screws,  I  and  m,  bo  as  to  be  immovable. 

The  cover  of  the  calorimeter  was  attached  to  a  brass  ring,  which 
was  nicely  ground  to  another  brass  ring  on  the  calorimeter,  and  which 
could  be  made  perfectly  tight  by  means  of  a  little  white-lead  paint. 
The  shaft  passed  through  a  stutfiog-boz  at  the  bottom,  which  was 
entirely  within  the  outer  surface  of  the  calorimeter,  so  that  the  heat 
generated  should  all  go  to  the  water.  The  upper  end  of  the  shaft 
rested  in  a  bearing  in  a  piece  of  brass  attached  to  the  cover.  In  the 
cover  there  were  two  openings, — one  for  the  thermometer,  and  the 
other  for  filling  the  calorimeter  with  water. 


From  the  opening  for  the  thermometer,  a  tube  of  copper,  perforated 
with  large  holes,  descended  nearly  to  the  centre  of  the  calorimeter. 
The  thermometer  was  in  this  sieve-like  tube  at  only  a  short  distance 
from  the  centre  of  the  calorimeter,  with  the  revolving  paddles  outside 
of  it,  and  in  the  stream  of  water,  which  circulated  as  shown  by  the 
arrows. 

This  circulation  of  water  took  place  as  follows.  The  lower  paddles 
threw  the  water  violently  outwards,  while  the  upper  paddles  were  pre- 
vented from  doing  so  by  a  cylinder  surrounding  the  fixed  paddles. 
The  consequence  was,  that  the  water  flowed  up  in  the  space  between 
the  outer  shell  and  the  fixed  paddles,  and  down  through  the  central 
tube  of  the  revolving  paddles.  As  there  was  always  a  little  air  at  the 
top  to  allow  for  expansion,  it  would  also  aid  in  the  same  direction. 
These  currents,  which  were  very  violent,  could  be  observed  through 
the  openings. 

The  calorimeter  was  attached  to  a  wheel,  fixed  to  the  shaft  ah,  by 
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the  method  shown  in  Fig,  9.  At  the  edge  of  the  wheel,  which  was  of 
the  eiact  diamoter  of  the  calorimeter,  two  screws  were  attached,  from 
rhich  wires  descended  to  a  single  screw  in  the  edge  of  the  calorimeter. 
Tbrnngh  the  wheel,  a  screw  armed  with  a  vulcanite  point  pressed  upon 
the  calorimeter,  and  held  it  firmly.  Three  of  these  arrangements,  at 
diBtsnces  of  120°,  were  used.  To  centre  the  calorimeter,  a  piece  of 
Tukmite  at  the  centre  was  used.  By  this  method  of  suspension  very 
little  heat  conld  eRcape,  and  the  amount  could  be  allowed  for  by  the 
radiation  experiments. 

The  Torsion  Ryeiem 

The  torsion  wire  was  of  such  strength  that  one  millimeter  on  the 
w!e  at  the  edge  of  the  wheel  signified  11-8  grammes,  or  about  ^J-ir  <>£ 
the  weights  up  generally  used.  There  were  stops  on  the  wheel,  so 
ilat  it  could  not  move  through  more  than  a  small  angle.  The  weights 
wre  suspended  by  very  flexible  silk  tapes,  6  mm.  or  8  mm.  broad  and 
03nim.  thick.  They  varied  from  4-5  k.  to  8-5  k.  taken  together.  The 
^fl.  fl6,  was  of  uniform  size  throughout,  so  that  the  wire  c  suspended 
the  whole  system,  and  no  weight  rested  on  the  bearings. 

The  pulleys,  m,  n.  Fig.  6,  were  very  exactly  turned  and  balanced,  and 
the  whole  suspended  system  was  so  free  as  to  vibrate  for  a  considerable 
time.  However,  as  will  be  shown  hereafter,  its  freedom  is  of  little 
Wisequenee. 

The  Water  Jacket 

Around  the  calorimeter,  a  water  jacket,  I  w,  was  placed,  so  that  the 

l>ldIstion  should  be  perfectly  definite.     Daring  the  preliminary  experi- 

la  a  simple  tin  Jacket  was  used,  whose  temperature  was  determined 

A  thermometers,  one  above  and  the  other  below,  inserted  in  tubes 

1  to  the  jacket. 

The  Driving  Oear 

g-wheels,  g,  k,  were  made  by  Messrs.  Brown  and  Sharpe,  of 
idence,  and  were  so  well  cut  that  the  motion  transmitted  to  the 
iorimeter  must  have  been  very  uniform. 

TTle  Chronoprapti 
s  (^linder  of  the  chronograph  was  turned  by  a  screw  on  the  shaft 
i  received  ope  revolution  for  103  of  the  paddles;  155  revolutions 
r  the  cylinder,  or  15,810  of  the  paddles,  coiild  be  recorded,  though, 


^ 
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when  neceBBBry,  the  paper  could  be  changed  without  etopping,  and  the 
experiment  thus  continued  without  interruption. 

The  Frame  and  FoiindalUm 


The  frame  was  very  massive  and  strong,  so  as  to  prevent  oscillation; 
and  the  whole  inetrument  weighed  about  500  pounds  as  nearly  as  could 
be  estimated.  It  wae  placed  on  a  solid  brick  pier,  with  a  firm  founda- 
tion in  the  ground.  The  trembling  was  barely  perceptible  to  the  hand 
when  running  the  fastest. 

The  Engine 

The  driving  power  was  a  petroleum  engine,  which  was  very  efficient 
in  driving  the  apparatus  with  uniformity. 

The  Balawx 
For  weighing  the  calorimeter,  a  balance  capable  of  showing  the 
presence  of  less  than  ^Jj  gramme  with  15,000  grammes  was  used.  ITie 
weights,  however,  by  Schiekert,  of  Dresden,  were  accurate  among  them- 
aelvcB  to  at  least  5  mg.  for  the  larger  weights,  and  in  proportion  for 
the  smalliT.  A  more  accurate  balance  would  have  been  useless,  as  will 
be  seen  further  on. 

AdjuatmenU 

There  are  few  adjustments,  and  they  were  principally  made  in  the 
constniotion. 

In  the  first  place,  the  shafts  ab  and  ef  must  be  in  line.  Secondly, 
the  wheels  mn  must  be  so  adjusted  that  their  planes  are  vertical,  and 
that  the  tapes  shall  pa.=s  over  them  symmetrically,  and  that  their  edges 
shall  be  in  the  plane  of  the  wheel  kl. 

Deviation  from  these  adjustments  only  produced  small  error. 

(c.)  Theory  of  the  ExperimcDt 
1.  Estimation  or  Work  Done 
The  calorimeter  is  constantly  receiving  heat  from  the  friction,  and 
is  giving  out  heat  by  radiation  and  conduction.  Now,  at  any  given 
instant  of  time,  the  temperature  of  the  whole  of  the  calorimeter  is  not 
the  same.  Owing  to  the  violent  stirring,  the  water  is  undoubtedly  at 
a  very  uniform  temperature  throughout.  But  the  solid  parts  of  the 
calorimeter  cannot  be  ?o.  The  greatest  difference  of  temperature  is 
evidently  soon  after  the  commencement  of  the  operation.     But  after 


On  the  Mechanical  Equitalext  of  Heat 


431 


wme  time  the  apparatus  reaches  a  stationarj'  stato,  in  which,  but  for 
tlie  radiation,  the  rise  of  temperature  at  all  points  would  be  the  same. 
ITiis  steady  state  will  be  theoretically  reached  only  after  an  infinite 
time;  but  as  most  of  the  metal  is  copper,  and  quite  thin,  and  as  the 
rtole  capacity  of  the  metal  work  ia  only  about  four  per  cent  of  the 
tot»l  capacity,  I  have  thought  that  one  or  two  minutee  was  enough  to 
lUow,  though,  if  others  do  not  think  this  time  BufBcient,  they  can 
Mdily  reject  the  first  few  observations  of  each  series.  When  there 
ii  ndiation,  the  stationary  state  will  never  be  reached  theoretically, 
though  practically  there  is  little  difference  from  the  case  where  there  is 
DO  ndiation. 

The  measurement  of  the  work  done  can  be  computed  as  follows. 
Ut  if  be  the  moment  of  the  force  tending  to  turn  the  calorimeter,  and 
iW  the  angle  moved  by  the  shaft.  The  work  done  in  the  time  (  will 
^ttfUdH.  If  the  moment  of  the  force  is  constant,  the  integral  is 
simply  M/l;  but  it  is  impossible  to  obtain  an  engine  which  runs  with 
^ftm  steadiness,  and  although  we  may  be  able  to  calculate  the  inte- 
Sfl,  is  far  as  long  periods  are  concerned,  by  observation  of  the  torsion 
fircle,  yet  we  are  not  thus  able  to  allow  for  the  irregularity  during  one 
ff"ilntion  of  the  engine.  Hence  I  have  devised  the  following  theory. 
Hs»e  found,  by  experiments  with  the  instrument,  that  the  moment  of 
4e  foree  is  very  nearly,  for  high  velocities  at  least,  proportional  to  the 
•fliiare  of  the  velocity.  For  rapid  changes  of  the  velocity,  this  is  not 
Rarth-  true,  but  as  the  paddles  are  very  numerous  in  the  calorimeter, 
it  is  pmhablv  very  nearly  true.     We  have  then 

JC  is  a  constant.     Hence  the  work  done  becomes 

B  allow  for  irregularities  of  long  period  by  readings  of  the  tor- 
3  can  assume  in  this  investigation  that  the  mean  velocity 
lit,  and  equal  to  r,.     The  form  of  the  variation  of  the  velocity 
)$aBeained,  and  I  shall  put,  without  further  discussion. 


=  r,  1 1  +  c  cos  — ^  ) 


■e  then  find,  on  integrating  from  a  to  0, 
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whicli  is  the  work  oa  the  calorimeter  during  one  rerolution  of  tha 
engine. 

The  equation  of  the  motion  of  the  calorimeter,  supposing  it  to  be 
nearly  stationary,  and  neglecting  the  change  of  torsion  of  the  Eoapend- 
ing  wire,  ia 

m   <P4-       WD 


W 


-  +  0p;[1  +  ccob—    =0, 


-  Ovi 


r  «'<^  -in"  2-'       o'c  ^„^  2!rA"l  1 


vhere  m  is  the  moment  of  inertia  of  the  calorimeter  and  its  attach- 
Diente,  i/.'  is  the  angular  position  of  the  calorimeter,  W  is  the  sum  of 
the  torsion  weights,  and  D  ia  the  diameter  of  the  torsion  wheel.    Hence, 

4-~i!;  =  ^  {  *'  \.0v\  (1  +  ie")  -  IP/)] 

z-i  _  ^c 

When    If />  =  2Cvo*   (1  +  ic')..  the   calorimeter   will   merely   oscillate 
around  a  given  position,  and  will  reach  its  maximum  at  the  times  i 
\  a,  a,  &c. 

The  total  amplitude  of  each  oscillation  will  be  very  nearly 

, ,,,  _  Cvigtec  _  WDga^c 

Ti'm  3:r'w 

If  X  is  the  amplitude  of  each  oscillation,  as  measured  in  millimetreay 
on  the  edge  of  the  wheel  of  diameter  D,  we  have  jJ  —  y'''  =  ^. 
Heuce  c  =  *^', 

where  n  is  the  number  of  revolutions  of  the  engine  per  second. 

Having  found  c  in  this  way,  the  work  will  be,  during  any  time, 
w  =  -  WDN{\  +  e») , 
where  N  is  the  total  number  of  revolutions  of  the  paddlss. 

A  variation  of  the  velocity  of  ten  per  cent  from  the  mean,  or  tweni 
per  cent  total,  would  thus  only  came  an  error  of  one  per  cent  in  H 
equivalent. 

Hence,  although  the  engine  was  only  single  acting,  yet  it  ran 
had  great  eicess  of  power,  and  was  very  constant  as  far  as  long 
were  concerned.     The  engine  ran  very  fast,  making  from  SOO 
revolutions  per  minute.     The  fly-wheel  weighed  about  820  pounds, 
had  a  radius  of  11  feet.     At  four  turns  per  second,  this  gives  im  en* 
of  about  3400  foot-pounds  stored  in  the  wheel.     The  calorimeter 
quired  about  one-half  horse-power  to  drive  it;  and,  assuming  the 
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for  the  engine  friction,  we  have  about  140  foot-pounds  of  work  re- 
quired per  revolution.  Taking  the  most  unfavorable  case,  where  all 
the  power  is  given  to  the  engine  at  one  point,  the  velocity  changes 
during  the  revolution  about  four  per  cent,  or  c  would  nearly  equal  .02, 
earning  an  error  of  1  part  in  2500  nearly.  By  means  of  the  shaking 
of  the  calorimeter,  I  have  estimated  c  as  follows,  the  value  of  m  being 
changed  by  changing  the  weight  on  the  inertia  bar,  or  taking  it  off 
altogether.  The  estimate  of  the  shaking  was  made  by  two  persona 
independently. 


n>. 

z observed. 

e  CBlculat 

2,200,000  grma.  cm.' 

•6  mm. 

■016 

3,100,000 

•36   " 

■013 

11,800,000 

■13   " 

■017 

Mean, 


:016 


caDBiiig  a  correction  of  1  part  in  5000. 

Another  method  of  estimating  the  irregularity  of  running  is  to  put 
on  or  take  off  weights  until  the  calorimeter  rests  so  firmly  against  the 
stope  that  the  vibration  ceases.  Estimated  in  this  way,  I  have  found 
a  little  larger  value  of  c,  namely,  about  -017. 

But  as  one  cannot  be  too  careful  about  such  sources  of  error,  I 
have  experimented  on  the  equivalent  with  different  velocities  and  with 
Terr  different  ways  of  running  the  engine,  by  which  c  was  greatly 
changed,  and  so  have  satisfied  myself  that  the  correction  from  this 
Murce  is  inappreciable  in  the  present  state  of  the  science  of  heat. 
Hence  I  shall  simply  put  for  the  work 
W  =  nNWD, 
I  in  gravitation  measure  at  Baltimore,     To  reduce  to  absolute  measure, 
B  most  multiply  by  the  force  of  gravity  given  by  the  formula 

<;  =  9-78009  + -0508  8m>, 
ich  gives  9-8005  metres  per  second  at  Baltimore.  If  the  calorimeter 
iDTed  irithout  friction,  no  work  would  be  required  to  cause  it  to 
Ebrate  back  and  forth,  aa  I  have  described;  but  when  it  moves  with 
tion,  some  work  is  required.  Wlien  I  designed  the  apparatus,  I  thus 
1  an  idea  that  it  would  be  best  to  make  it  as  immovable  as  possible 
ing  to  its  moment  of  inertia  by  means  of  the  inertia  bar  and 
But  on  considering  the  subject  further,  I  see  that  only  the 
tof  energy  represented  by  c^ttNWD  can  be  used  in  this  way.  For, 
he  calorimeter  is  rendered  nearly  immovable  by  its  great  moment 
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of  inertia,  the  work  done  on  it  is,  as  we  have  seen,  xNWD  (l  +  ^J 
but  if  it  had  no  inertia,  it  is  evident  that  the  work  would  bo  only 
~NWD.  If,  therefore,  the  calorimeter  is  made  partially  stationary, 
either  by  its  moment  of  inertia  or  by  friction,  the  work  will  be  some- 
where between  these  two,  and  the  work  spent  in  friction  will  be  only 
BO  much  taken  from  the  error.  Hence  in  the  latter  experiments  the 
inertia  bar  was  taken  off,  and  then  the  calorimeter  constantly  vibrated 
through  ahoiit  half  a  millimeter  on  the  torsion  seale. 

Besides  this  quick  vibration,  the  calorimeter  is  constantly  moving  to 
the  extent  of  a  few  millimetres  back  and  forth,  according  to  the  vary- 
ing velocity  of  the  engine.  As  frequent  readings  were  taken,  these 
changes  were  eliminated.  In  very  rare  cases  the  weights  had  to  be 
changed  during  the  experiment;  but  this  was  very  seldom. 

The  vibration  and  irregtilar  motion  of  the  calorimeter  back  and  forth 
served  a  very  useful  purpose,  inasmuch  as  it  caused  the  friction  of  the 
torsion  apparatus  to  act  first  in  one  direction  and  then  in  the  other,  so 
that  it  was  finally  eliminated.  The  torsion  apparatus  moved  very 
freely  when  the  calorimeter  was  not  in  position,  and  would  keep 
vibrating  for  some  minutes  by  it«elf,  but  with  the  calorimeter  there 
was  necessarily  some  binding.  But  the  vibration  made  it  so  free  that 
it  would  return  quickly  to  its  exact  position  of  equilibrium  when  drawn 
aside,  and  would  also  quickly  show  any  small  addition  to  the  weights. 
This  was  tried  in  each  experiment. 

To  measure  the  heat  generated,  we  require  t"  know  the  calorific 
capacity  of  the  whole  calorimeler,  and  the  rise  of  temperature  which 
would  have  taken  place  provided  no  heat  had  been  lost  by  radiation. 
The  capacity  of  the  calorimeter  alone  I  have  discussed  elsewhere,  find- 
ing the  total  amount  equal  to  S-trT  k.  of  water  at  ordinary  tempera- 
tures. The  total  capacity  of  the  calorimeter  is  then  A  +  -347,  where 
A  is  the  weight  of  water.  Hence  Joule's  equivalent  in  absolute  meas- 
ure is 

T-         lOZirnWD 
'^~  {A  +  -U7Xt-t')"' 
where  *i  is  the  number  of  revolutions  of  the  chronograph,  it  making 
one  revolution  to  102  of  the  paddles. 

The  corrections  needed  are  as  follows: 

1st.  Correction  for  weighing  in  air.  This  must  be  made  to  H',  the 
cast-iron  weights,  and  to  -4  -|-  -347,  the  water  and  copper  of  the  calori- 
meter. If  ).  is  the  density  of  the  air  under  the  given  conditions,  the 
correction  is  —  -835  ^.. 
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2d.  For  the  weight  of  the  tape  by  which  the  weights  are  hung. 

ThlB  IB       TP   • 

3d.  For  the  expansion  of  torsion  wheel,  D'  being  the  diameter  at 
SO"  C.     This  is  -OOOOIS  (i"  —  20°).     Hence, 

J=  lOUg  ^^  +  "3^^^_^j  a  +  -000018  (r  -20)  +  -^--mi), 

where  t  —  f  is  the  rise  of  the  temperature  corrected  for  radiation. 

S.    Eadiatioit 

The  correction  for  radiation  varies,  of  course,  with  the  difference  of 
temperature  between  the  calorimeter  and  jacket;  but,  owing  to  the 
rapid  generation  of  heat,  the  correction  is  generally  small  in  proportion. 
The  temperature  generated  was  generally  about  O'-G  per  minute.  The 
loss  of  temperature  per  minute  by  radiation  was  approximately  ■0014(?'' 
per  minute,  where  H  is  the  difference  of  the  temperature.  This  ia  one 
per  cent  for  10°-7,  and  four  per  cent  for  14°-2.  Generally,  the  calori- 
meter was  cooler  than  the  jacket  to  start  with,  and  eo  a  rise  of  about 
20"  could  be  accomplished  without  a  rate  of  correction  at  any  point 
of  more  than  four  per  cent,  and  an  average  correction  of  less  than  two 
per  cent.  An  error  of  ten  per  cent  is  thus  required  in  the  estimation 
of  the  radiation  to  produce  an  average  error  of  1  in  500,  or  1  in  250 
at  a  single  point.  The  coefficients  never  differ  from  the  mean  more 
than  about  two  per  cent.  The  observations  on  the  equivalent,  being 
at  a  great  variety  of  temperatures,  check  each  other  aa  to  any  error  in 
the  radiation. 

The  losses  of  heat  which  I  place  under  the  head  of  radiation  include 
conduction  and  convection  as  well.  I  divide  the  losses  of  heat  into  the 
following  parts:  Ist.  Conduction  down  the  shaft;  2d.  Conduction  by 
means  of  the  suspending  wires  or  vulcanite  points  to  the  wheel  above; 
3d.  True  radiation;  4th.  Convection  by  the  air.  To  get  some  idea  of 
the  relative  amounts  lost  in  this  way.  we  can  calculate  the  loss  by 
conduction  from  the  known  coefficients  of  conduction,  and  we  can  get 
some  idea  of  the  relative  loss  from  a  polished  surface  from  the  experi- 
ments of  Mr.  Nichol.  In  this  way  I  suppose  the  total  coefficient  of 
radiation  to  be  made  up  approximately  as  follows: 

Conduction  along  shaft     00011 

Condnction  along  suspending  wires. . . .     -00006 

True  radiation 00017 

Convection  -00106 

Total   "-00140 
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The  conduction  through  the  vulcanite  only  amounts  to  -OOOOOM. 

From  this  it  would  soem  that  three-fourths  of  the  loss  is  due  to 
radiation  and  convection  combined. 

The  last  two  loaaes  depend  upon  the  difference  of  temperature  be- 
tween the  calorimeter  and  the  jacket,  but  the  first  two  upon  the  differ- 
ence between  the  calorimeter  and  frame  of  the  machine  and  the  irheel 
respectively.  The  frame  was  always  of  very  nearly  the  same  terapem- 
ture  as  the  water  jacket,  but  the  wheei  was  usually  slightly  above  it, 
At  first  its  temperature  was  noted  by  a  thermometer,  and  the  loss  to 
it  computed  separately;  but  it  was  found  to  be  unnecessary,  and  finiUy 
the  whole  was  assumed  to  be  a  function  of  the  temperature  of  tin 
c;ilorimeter  and  of  the  jacket  only. 

At  first  sight  it  might  seem  that  there  was  a  source  of  error  in 
having  &  journal  so  near  the  bottom  ot  the  calorimeter,  and  joined  to 
it  by  a  shaft.  But  if  we  consider  it  a  moment,  we  shall  see  that  the 
error  is  inappreciable ;  for  even  if  there  was  friction  enough  in  the 
journal  to  heat  it  as  fast  as  the  calorimeter,  it  would  decreaa*  the 
radiation  only  seven  per  cent,  or  make  an  average  error  in  the  aipen- 
ment  of  only  1  in  700.  But,  in  fact,  the  journal  was  very  perfectly 
made,  and  there  was  no  strain  on  it  to  produce  friction;  besides  which, 
it  was  connected  to  a  large  mass  of  cast-iron  which  was  attached  to 
the  base.  Hence,  as  a  matter  of  fact,  the  journal  was  not  apprecieWy 
warmer  after  running  than  before,  although  tested  by  a  thermometer. 
The  difference  could  not  have  been  more  than  a  degree  or  so  at  moat 

The  warming  of  the  wheel  by  conduction  and  of  the  journal  by  fri^ 
tion  would  tend  to  neutralize  each  other,  as  the  wheel  would  be  warmei 
and  the  journal  cooler  during  the  radiation  experiment  than  the  fric- 
tion experiment. 

The  usual  method  of  obtaining  the  coefficient  of  radiation  would  be 
to  stop  the  engine  while  the  calorimeter  was  hot,  and  observe  thi 
cooling,  stirring  the  water  occasionally  when  the  temperature  WM  naii 
This  method  I  used  at  first,  reading  the  temperature  at  interval!  fli 
about  a  half  to  a  whole  hour.  But  on  thinking  the  matter  oiet,  i 
became  apparent  that  the  coefficient  found  in  this  way  would  be  t 
small,  especially  at  small  differences  of  temperature;  for  the  U] 
nest  to  the  outside  would  be  cooled  lower  than  the  mean  temperatur 
and  the  heat  could  only  get  to  the  outside  by  conduction  through  fl 
water  or  by  convection  currents. 

Hence  I  arranged  the  engine  so  ae  to  run  the  paddles  very  slowl 
BO  as  to  stir  the  water  constantly,  taking  account  of  the  number  i 
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the  revoliitione  and  the  torsion,  so  as  to  compute  the  work.  As  I  Iiad 
foreaeen,  the  results  in  this  case  were  higher  than  by  the  other  method. 
At  low  temperatures  the  error  of  the  first  method  was  fifteen  per  cent; 
but  at  high,  it  did  not  amount  to  more  than  about  three  to  five  per 
cent,  and  probably  at  very  high  temperatures  it  would  almost  vanish. 

I  do  not  consider  it  necessary  to  give  all  the  details  of  the  radiation 
experiments,  but  will  merely  remark  that,  aa  the  calorimeter  was  nickel- 
plated,  and  as  sevenly-five  per  cent  of  the  so-called  radiation  is  due 
to  convection  by  the  air,  the  coefficients  of  radiation  were  found  to  be 
very  constant  under  similar  conditions,  even  after  long  intervals  of 
time. 

The  experiments  were  divided  into  two  groups;  one  when  the  tem- 
perature of  the  jacket  was  about  5°  C,  and  the  other  when  it  averaged 
about  20°  C. 

The  results  were  then  plotted,  and  the  mean  curve  drawn  through 
them,  from  which  the  following  coefficients  were  obtained.  Theae 
coefficients  are  the  loss  of  temperature  per  minute,  and  per  degree 
difference  of  temperature. 

TABLE  XXXV.*_COEPPiciiNTB  of  Radktiok. 


DtffereDOB  be- 

twecDJmoketBDd 

Jacket  S°. 

Juket  tof. 

CBloriineWr. 

-S 

-D0136 

-00134 

0 

■OOISB 

■0O130 

+  5 

■«187 

■00188 

10 

'OOUB 

■00188 

IB 

•OOIM 

■oom 

ao 

■OOIM 

■001 BO 

85 

•  (WlfiB 

.OOIM 

Ab  the  quantity  of  water  in  the  calorimeter  sometimes  varied  slightly, 
the  numbers  should  be  modified  to  suit,  they  being  true  when  the  total 
capacity  of  the  calorimeter  was  8-75  kil.  The  total  surface  of  the 
calorimeter  was  about  23S0  sq.  cm.,  and  the  unit  of  time  one  minutt. 
To  compare  my  results  with  those  of  McFarlane  and  of  Nichol  given 
in  the  Proc.  R.  S.  and  Proc.  R.  S.  E.,  1  will  reduce  my  results  so  that 
they  can  be  compared  with  the  fables  given  by  Professor  Everett  In  his 
'Illustrations  of  the  Contimeter-Gramme-Second  System  of  Unita/ 
pp.  50,  51. 
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The  reducing  factor  is  -0621,  and  hence  the  last  results  for  the  jacket 
at  SO"  C.  become: 


TABLE  XXXVI. 


Temperature. 

SyBtem. 

MoFarlana'B 

BatiO. 

B 

B 
10 
IB 
DO 
9S 

■0D0081 
-0000S3 
■OOOOBH 

■oooose 
■ooooes 

•DOOOHB 

■000178 

oooise 

'OOO10S 
■000801 
'OOOSOT 

a-07 

3-lT 
2- IS 
2-17 
3.19 
8.15 

The  variation  which  I  find  is  almost  exactly  that  given  by  McFai^ 
lane,  as  is  shown  by  the  constancy  of  the  column  of  ratios.  But  my 
coefEcients  are  less  than  half  those  of  MeFarlane.  Tins  may  possibly 
be  dne  to  the  fact  that  the  walls  of  McFarlane's  enclosure  were  black- 
ened, and  to  his  surface  being  of  polished  copper  and  mine  of  polished 
nickel:  hia  surface  may  also  have  been  better  adapted  by  its  form  to 
the  loss  of  heat  by  convection.  The  results  of  Nichol  are  also  much 
lower  than  those  of  MeFarlane. 

The  fact  that  the  coefficients  of  radiation  are  less  with  increased 
temperature  of  jacket  is  just  contrary  to  what  Dulong  and  Petit  found 
for  radiation.  But  as  I  have  shown  that  convection  is  the  principal 
factor,  I  am  at  a  loss  to  check  my  result  with  any  other  observer, 
Dulong  and  Petit  make  the  loss  from  convection  dependent  only  upon 
the  difference  of  temperature,  and  approximately  upon  the  square  root 
of  the  pressure  of  the  gas.  Theoretically  it  would  seem  that  the  loss 
should  be  less  as  the  mean  temperature  rises,  seeing  that  the  air  be- 
comes less  dense  and  its  viscosity  in<!reases.  Should  we  substitute 
density  for  pressure  in  Dulong's  law,  we  should  have  the  loss  by  con- 
vection inversely  as  the  Bquare  root  of  the  mean  absolute  temperature, 
or  approximately  the  absolute  temperature  of  the  jacket.  This  would 
give  a  decrease  of  one  per  cent  in  the  radiation  for  about  6°,  which  is 
not  far  from  what  I  have  found. 

To  estimate  the  accuracy  with  which  the  radiation  has  been  obtained 
is  a  very  difficidt  matter,  for  the  circumstances  in  the  experiment  are 
not  the  same  as  when  the  radiation  was  obtained.  In  the  first  place, 
although  the  water  is  stirred  during  the  radiation,  yet  it  is  not  stirred 
so  violently  as  during  the  experiment.  Further,  the  wheel  above  the 
calorimeter  is  warmer  during  radiation  than  during  the  experiment. 
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Both  these  sources  of  error  tend  to  give  too  small  coefficients  of  radia- 
tion, and  this  is  confirmed  by  looking  over  the  final  tables.  But  I  have 
not  felt  at  liberty  to  make  any  corrections  based  on  the  final  results,  as 
that  would  destroy  the  independence  of  the  observations.  But  we  are 
able  thus  to  get  the  limits  of  the  error  produced. 

During  the  preliminary  experiments  a  water  jacket  was  not  used, 
but  only  a  tin  case,  whose  temperature  was  noted  by  a  thermometer 
above  and  below.  The  radiation  under  these  circumstances  was  larger, 
M  the  case  was  not  entirely  closed  at  the  bottom,  and  so  permitted  more 
circulation  of  air. 

3.     COBBECTIONS  TO  ThEBMOMETBIBS,   ETC. 

Among  the  other  corrections  to  the'  temperature  as  read  off  from 
the  thermometers,  the  correction  for  the  stem  at  the  temperature  of 
tte  air  is  the  greatest.    The  ordinary  f ormida  for  the  correction  is 
'000156n(i  —  i").    But,  in  applying  this  correction,  it  is  difficult  to 
tttmiate  n,  the  number  of  degrees  of  thermometer  outside  the  calo- 
rimeter and  at  the  temperature  of  the  air,  seeing  that  part  of  the  stem 
i   i  heated  by  conduction.    The  uncertainty  vanishes  as  the  thermometer 
kcomes  longer  and  longer,  or  rather  as  it  is  more  and  more  sensitive, 
to  even  then  some  of  the  uncertainty  remains.    I  have  sought  to 
tioid  thia  uncertainty  by  placing  a  short  tube  filled  with  water  about 
the  lower  part  of  the  thermometer  as  it  comes  out  of  the  calorimeter. 
The  temperature  of  this  was  indicated  by  a  thermometer,  by  aid  of 
tlikh  also  the  heat  lost  to  the  water  by  conduction  through  the  ther- 
lHoiiieter  stem  coidd  be  computed;  this,  however,  was  very  minute  com- 
pired  with  the  whole  heat  generated^  say  1  in  10,000. 

The  water  being  very  nearly  at  the  temperature  of  the  air,  the  stem 
4wTe  it  could  be  assumed  to  be  at  the  temperature  of  the  air  indicated 
kf  a  thermometer  hung  within  an  inch  or  two  of  it.  The  correction  for 
ten  would  thus  have  to  be  divided  into  two  parts,  and  calculated 
kqMjately.  Calculated  in  this  way,  I  suppose  the  correction  is  perfectly 
loiain  to  much  less  than  one  hundredth  of  a  degree :  the  total  amount 
fas  seldom  over  one-tenth  of  a  degree. 

Among  the  uncertain  errors  to  which  the  measurement  of  tempera- 
ire  is  subjected,  I  may  mention  the  following: 
L  Pressure  on  bulb.  A  pressure  of  60  cm.  of  water  produced  a 
feange  of  about  0®-01  in  the  thermometers.  When  the  calorimeter 
■s  entirely  closed  there  was  soon  some  pressure  generated.  Hence 
te  introduction  of  the  safety-tube, — a  tube  of  thin  glass  about  10  cm. 
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long,  estendmg  through  a  cork  in  the  top  of  the  calorimeter.  The  top 
of  the  safety-tube  was  nearly  closed  by  a  cork  to  prevent  evaporation. 
Had  the  tube  been  shorter,  water  would  have  heen  forced  out,  as  well 
as  air. 

2.  Conduction  along  stem  from  outside  to  thermometer  bulb.  To 
avoid  this,  not  only  was  the  bulb  immersed,  but  also  quite  a  length  of 
stem.  A3  this  portion  of  the  stem,  as  also  the  bulb,  was  surrounded 
by  water  in  violent  motion,  there  could  have  been  no  large  error  from 
this  source.  The  immersed  stem  to  the  fop  of  the  bulb  was  generally 
about  5  cm.  or  more,  and  the  stem  only  about  -8  cm.  in  diameter. 

3.  The  thermometer  is  never  at  the  temperature  of  the  water,  be- 
cause the  latter  is  constantly  rising;  but  we  do  not  assume  that  it  is 
so  in  the  experiment.  We  only  Bssume  that  it  lags  behind  the  water 
to  the  same  amount  at  all  parts  of  the  experiment,  and  this  is  doubt- 
less true. 

To  see  if  the  amount  was  appreciable,  I  suddenly  threw  the  apparatus 
out  of  gear,  thus  stopping  it.  The  temperature  was  observed  to  con- 
tinue rising  about  0°-02  C.  Allowing  0°01  for  the  rise  due  to  motion 
after  the  word  "Stop"  was  given,  we  have  about  0°-01C.  as  Ihe 
amount  the  thermometer  lagged  behind  the  water. 

4.  Evaporation.  A  possible  source  of  error  exists  in  the  cooling  of 
the  calorimeter  by  evaporation  of  water  leaking  out  from  it. 

The  water  was  always  weighed  before  and  after  the  experiment  in 
a  balance  giving  J-  gramme  with  accuracy.  The  normal  amount  of 
loss  from  removal  of  thermometer,  wet  corks,  &e.,  was  about  1  gramme. 
The  calorimeter  was  perfectly  tight,  and  had  no  leakage  at  any  point 
in  its  normal  state.  Once  or  twice  the  screws  of  the  stufUng-box 
worked  loose,  but  these  experiments  were  rejected. 

The  evaporation  of  1  gramme  of  water  requires  about  600  heat  units, 
which  is  sufficient  to  depress  the  temperature  of  the  calorimeter  about 
0°0~  C.  As  the  only  point  at  which  evaporation  could  take  place  was 
through  a  hole  less  than  1  mm.  diameter  in  the  safety-tube,  I  think  it 
is  reasonable  to  assume  that  the  error  from  this  source  is  inappreciable. 
But  to  be  doubly  certain,  I  observed  the  time  which  drops  of  water  of 
known  weight  and  area,  placed  on  the  warm  calorimeter,  took  to  dry. 
From  these  eiperimeots  it  was  evident  that  it  would  require  a  consid- 
erable area  of  wet  surface  to  produce  an  appreciable  effect.  This  wet 
surface  never  existed  unless  the  calorimeter  was  wet  by  dew  deposited 
on  the  cool  surface.  To  guard  against  this  error,  the  calorimeter  vna 
never  cooled  so  low  that  dew  formed;  it  was  carefully  rubbed  with  a 
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totel,  and  placed  in  the  appiiratus  half  an  hour  to  an  hour  before  the 
uperiment,  exposed  freely  to  the  air.  The  eurfac-e  being  polished,  the 
slighteBt  deposit  of  dew  was  readily  visible.  The  greatest  care  wa8 
tikea  to  guard  against  this  Rource  of  error,  and  I  think  the  esperi 
M  free  from  it. 

(d.)  Remits 
1.    CoNSTABT  Data 
Joule's  equivalent  in  gravitation  measure  is  of  the  dimensions  ofl 
leagth  only,  being  the  height  which  water  would  have  to  fall  to  bol 
bcaied  one  degree.     Or  let  wati.T  flow  downward  with  uniform  velocity  J 
IbroQgh  a  capillary  tube  impervious  to  heat;  assuming  the  viscosity f 
BOstant,  the  rate  of  variation  of  height  with   temperature  will  bttj 
s  equivalent. 
Bence,  besides  the  force  of  gravity  the  only  thing  required  in  abso^^ 
Ote  measure  is  some  length.     The  length  that  enters  the  equation 
S  the  diameter  of  the  torsion  wheel.     This  was  determined  under  a 
lioroscope  comparator  by  comparison  with  a  standard  metre  belong- 
»g  to  Professor   Rogers   of  Harvard   Observatory,   which   had  been 
wnipired  at  Washington  with  the  Coast  Survey  standards,  as  well  as 
I5  fompftrison  with  one  of  our  own  metre  scales  which  had  also  been 
"eompared.     The  result  was  ■26908  metre  at  20°  C. 
To  this  must  be  added  the  thickness  of  the  silk  tape  suspending  the 
%bt8.    This  thickness  was  carefully  determined  by  a  micrometer 
xw  while  the  tape  was  stretched,  the  screw  having  a  flat  end.     The  J 
iolt  was  -00031  m. 

Jo  that,  finally,  /?'=  36939  metre  at  20°  C.     Separating  the  con- 1 
Int  from  the  variable  parts,  the  formula  now  becomes 

J__    86-324    ^  _^.ftnnrti«/*"_Qo^j.-0006„.H5^,\    Wn 

9 

9  = 


1  +-000018(r-30)  +  ^ 


•835i  ) 


I  +  -34:  V 

8005  at  Baltim 

t  ii  unnecessary  to  have  the  weights  exact  to  standard,  provided  the;^! 
reliitively  correct,  or  to  make  double  weighings,  provided  the  sama'l 
e  of  the  balance  is  always  used.  For  both  numerator  and  denonu-J 
jr  of  the  fraction  contain  a  weight. 

S.      EXPERlltENTAL  DATA  AND  TaBL£8  OF  RBBULTa 

exhibiting  the  results  of  the  esperiments,  it  is  much  more  satlsfao-  1 
t«  compute  at  once  from  the  observations  the  work  necessary  to  I 
1  kil.  of  the  water  from  the  first  temperature  observed  to  each  sue-  j 
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ceeding  temperature.     By  interpolatiou  in  such  a  table  we  can  then 

reduce  to  even  degrees.  To  compare  the  diiferent  results  I  have  then 
added  to  each  table  such  a  quantity  &6  to  bring  the  result  at  20"  about 
equal  to  10,000  kilogramine-metres. 

The  process  for  each  experiment  may  be  described  as  follows.  The 
calorimeter  was  first  filled  with  distilled  water  a  little  cooler  than  the 
atmosphere,  but  not  so  cool  as  to  cause  a  deposit  Df  dew.  It  was  then 
placed  in  the  machine  and  adjusted  to  its  position,  though  the  outer  half 
of  the  jacket  was  left  off  for  some  time,  so  that  the  calorimeter  should 
become  perfectly  dry;  to  aid  which  the  calorimeter  was  polished  with  a 
cloth.  The  thermometer  and  safety-tube  were  also  inserted  at  this 
time. 

After  half  an  hour  or  so,  the  chronograph  was  adjusted,  the  outer  half 
of  the  jacket  put  in  place,  the  wooden  screen  fixed  in  position,  and  all 
was  ready  to  start.  The  engine,  which  had  been  running  quietly  for 
some  time,  was  now  attached,  and  the  experiment  commenced.  First  the 
weights  had  to  be  adjusted  so  as  to  produce  equilibrium  as  nearly  as 
possible. 

The  observers  then  took  their  positions.  One  observer  constantly 
recorded  the  transit  of  the  mercury  over  the  divisions  of  thermometer, 
making  other  suitable  marks,  so  that  the  divisions  could  be  aftenvards 
recognized.  He  also  read  the  thermometers  giving  the  temperatures 
of  the  air,  the  bottom  of  the  calorimeter  thermometer,  and  of  the  wheel 
just  above  the  calorimeter;  and  sometimes  another,  giving  that  of  the 
cast-iron  frame  of  the  instrument. 

The  other  observer  rend  the  torsion  wheel  once  every  revolution  of 
the  chronograph  cylinder,  recording  the  time  by  his  watch.  He  also 
recorded  on  the  chronograph  every  five  minutes  by  his  watch,  and  like- 
wise stirred  the  water  in  the  jacket  at  intervals,  and  read  its  temper- 
ature. 

The  recording  of  the  time  was  for  the  purpose  of  giving  the  connect- 
ing link  between  the  readings  of  the  torsion  circle  and  of  the  ther- 
mometer. This,  however,  as  the  readings  were  quite  constant,  had 
only  to  be  done  roughly,  say  to  half  a  minute  of  time,  though  the  rec- 
ords of  time  on  the  chronograph  were  true  to  about  a  second. 

The  thermometers  to  read  the  temperature  of  the  water  in  the  jacket 
were  graduated  to  0°-2  C,  but  were  generally  read  to  O"'!  C,  and  had 
been  compared  with  the  standards.  There  was  no  object  in  using  more 
delicate  thermometers. 

After  the  experiment  had  continued  long  enough,  the  engine  was 
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stopped  and  a  radiation  experiment  begun.  The  last  operation  was  to 
weigh  the  calorimeter  again,  after  removing  the  thermometer  and  safety 
tube,  and  also  the  weights  which  had  been  used. 

The  chronograph  sheet,  having  then  been  removed  from  the  cylin- 
der, had  the  time  records  identified  and  marked,  as  well  as  the  ther- 
mometer records.  Each  line  of  the  chronograph  record  was  then  num- 
bered arbitrarily,  and  a  table  made  indicating  the  stand  of  the  ther- 
mometer and  the  number  of  the  revolutions  and  fractions  of  a  revolu- 
tion as  recorded  on  the  chronograph  sheet.  The  times  at  which  these 
temperatures  were  reached  was  also  found  by  interpolation,  and  re- 
corded in  another  column. 

From  the  column  of  times  the  readings  of  the  torsion  circle  could  be 
identified,  and  so  alt  the  necessary  data  would  be  at  hand  for  calculating 
the  work  required  to  raise  the  temperature  of  one  kilogramme  of  the 
water  from  the  first  recorded  temperature  to  any  succeeding  tempera- 
ture. 

As  these  temperatures  usually  contained  fractions,  the  amount  of 
work  necessary  to  raise  one  kilogramme  of  the  water  to  the  even  degrees 
conld  then  be  found  from  this  table  by  interpolation.  Joule's  equiva- 
lent at  any  point  would  then  be  merely  the  difference  of  any  two  suc- 
ceeding numbers;  or,  better,  one  tenth  the  difference  of  two  numbers 
situated  10°  apart,  or,  in  general,  the  difference  of  the  numbers  divided 
by  the  difference  of  the  temperatures. 

It  would  be  a  perfectly  simple  matter  to  make  the  record  of  the  tor- 
sion circle  entirely  automatic,  and  I  think  I  shall  modify  the  apparatus 
in  that  manner  in  the  future. 

It  would  take  too  much  space  to  give  the  details  of  each  experiment; 
but,  to  show  the  process  of  calculation,  I  will  give  the  experiment  of 
Dec.  17,  1878,  as  a  specimen.  The  chronograph  sheet,  of  course,  I 
cannot  give.  The  computation  is  at  first  in  gravitation  measure,  but 
afterwards  reduced  to  absolute  measure. 

The  calorimeter  before  the  experiment  weighed  12-3733  kil. 
The  calorimeter  after  the  experiment  weighed  12Z716  kil. 

Mean     122720  HI. 
Weight  of  calorimeter  alone  3-8721  IriL 


.*.  Water  alone  weighed 


8-3999  kil. 
■3470  kil. 

Total  capacity        8-7469  Ml. 
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The  correction  for  weighing  in  air  was  ■835.4:^  -00106. 
The  total  term  containing  the  correction  is  therefore  •998T8. 


log  86-324 

log  -99878 


log  8-7469 

log  CO  net.  factor 


=  1-9361316 
=  1-9994698 

1-9356014 
=    -941854? 


-9937472  =  log  9-85706. 


Hence  the  work  per  kilogramme  is  9-85706  SWn  in  gravitation 
measure,  the  term  ~Wn  being  used  to  denote  the  gum  of  products 
similar  to  Wn  as  obtained  by  .dmnltaneous  readings  of  toreion  circle 
and  records  on  chronograph  sheet. 

Zero  of  torsion  wheel,  79-3  mm. 
Value  of  1  mm.  on  torsion  wheel  -0118  kil. 
The  following  were  the  records  of  time  on  the  chronograph  sheet:— 

Time  obaerved. 


20 

is 


8-74 

16-8 

25  32 

201 

42-10 

25  0 

f.9'05 

30  0 

76' 00 

350 

9303 

40-0 

io(i-!i; 

45-0 

12(i02 

50-0 

144.14 

55-0 

85 

40 


50 
55 

The  times  were  calculated  by  the  formula 

Time  =  -294  X  Revolutions  +  12-66, 

which  assumes  that  the  engine  moves  with  uniform  velocity.  As  the 
principal  error  in  using  an  incorrect  interpolation  formula  comes  from 
the  calculation  of  the  radiation,  and  as  this  formula  is  correct  within 
a  few  seconds  for  all  the  higher  temperatures,  we  can  use  it  in  the  cal- 
culation of  the  times. 

The  records  of  the  transits  of  the  mercury  over  the  divisions  of  the 
thermometer  were  nearly  always  made  for  each  division,  but  it  is  use- 
less to  calculate  for  each.  I  usually  select  the  even  centimeters,  and 
take  the  mean  of  the  records  for  several  divisions  on  each  side. 

l\Tii!e  the  mercury  was  rising  1  cm.  on  No.  6163,  there  would  be 


p 
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abont  seven  revolutions  of  the  chronograph,  and  consequently  seven 
rfadings  of  the  torsion  circle,  each  one  of  which  was  the  average  for  a 
littie  time  as  estimated  by  the  eye. 

I  have  obtained  more  than  thirty  series  of  results,  but  have  thus  far 
Teduced  only  fourteen,  five  of  which  are  preliminary,  or  were  made  with 
the  Bimple  jacket  instead  of  the  water  jacket,  the  radiation  to  which 
»S8  much  greater,  as  there  was  a  hole  at  the  bottom  which  allowed  more 
circulation  of  the  air.  The  mean  of  the  preiiminary  results  agrees  so 
tlowlj  with  the  mean  of  the  final  results,  that  I  have  in  the  end  given 
them  equal  weight. 

On  March  24th,  the  same  thermometer  was  used  for  a  second  experi- 
Bient  directly  after  the  fir&t,  seeing  that  the  chronograph  failed  to  work 
the  first  experiment  until  8°  was  reached.  The  error  from  this  cause 
»B  small,  as  the  first  experiment  only  reached  to  26°  C,  and  hence 
lere  could  have  been  no  change  of  zero,  as  this  is  very  nearly  the  tem- 
perature at  which  the  thermometer  was  generally  kept. 

Having  thus  calculated  the  work  in  conjunction  with  the  tempera- 
ture. I  have  nest  interpolated  so  as  to  obtain  the  work  at  the  even  de- 
P^fls.  The  tables  so  formed  I  have  combined  in  two  ways:  first,  I  have 
•ideiito  the  column  of  work  in  each  table  an  arbitrary  number,  such  as 
l*ittiake  the  work  at  20°  about  10,000,  and  have  then  combined  them  as 
in  Table  LI,  and,  secondly,  I  have  subtracted  each  number  from 
10°  farther  down  the  table,  and  divided  the  numbers  so  found 
1^  thus  obtaining  the  mechanical  equivalent  of  heat. 
In  these  tables  four  thermometers  have  been  used,  and  yet  they  were 
accurate  that  little  difference  can  be  observed  in  the  experiments 
be  traced  to  an  error  of  the  thermometer,  although  the  Kew 
idard  has  some  local  irregularities.  The  greated  difference  between 
eolomn  of  Table  LI  and  the  general  mean  is  only  10  kilogramme- 
or  0023  degree,  and  this  includes  all  errors  of  calibration  of 
lometers,  radiation,  &c.  This  seems  to  me  to  be  a  very  remarkable 
It,  and  demonstrates  the  surpassing  accuracy  of  the  method.  In- 
fbe  limit  of  accuracy  in  thermometry  is  the  only  limit  which  we 
at  present  give  to  this  method  of  experiment.  Hence  the  large 
iporttonal  time  spent  on  that  subject. 

Tie  accuracy  of  the  radiation  is  demonstrated,  to  some  extent,  by 
agreement  of  the  results  obtained  even  with  different  temperatures 
be  jacket.  But  on  close  observation  it  seems  apparent  that  the 
Sciente  of  radiation  should  be  further  increased  as  there  is  a  ten- 
jT  of  the  end  figures  in  each  series  to  become  too  high.     This  i 


446  Hekby  a.  BowLAiiD  ^^^^^H 

exactly  what  we  should  siippobc-,  as  we  have  seen  that  nearly  all  sources 
of  error  tend  in  the  direction  of  making  the  radiation  too  small.  For 
instance,  an  error  came  from  not  stirring  the  water  during  the  radiatioo, 
and  there  must  be  a  email  residual  error  from  not  stirring  so  fast 
during  radiation  as  during  the  experiment.  Besides  this,  some  parls 
around  the  calorimeter  were  warm  during  the  radiation  which  were  cool 
during  the  experiment.  And  both  of  1hese  make  the  correction  for 
radiation  too  small.  However,  the  error  from  this  source  is  small,  and 
cannot  possibly  affect  the  general  conclusions.  In  each  column  of 
Tables  LI  and  LII  a  dash  is  placed  at  the  temperature  of  the  jacket, 
and  for  fifteen  degrees  below  this  point  the  error  in  the  radiation  must 
produce  only  an  inappreciable  error  in  the  equivalent:  taking  the  ob- 
servations within  this  limit  as  the  standards,  and  rejecting  the  others, 
we  should  still  arrive  at  very  nearly  the  same  conclusions  as  if  we  ac- 
cepted the  whole. 

Most  of  the  experiments  are  made  with  a  weight  of  about  7-3  kil.,  as 
everything  seemed  to  work  best  with  this  weight  But  for  the  sake 
of  a  test  I  have  run  the  weight  up  to  8-6  and  down  to  4-4  kil.,  by  which 
the  rate  of  generation  of  the  heat  was  changed  nearly  three  times. 
By  this  the  correction  for  the  radiation  and  the  error  due  to  the  irregu- 
larity of  the  engine  are  changed,  and  yet  scarcely  an  appreciable  differ- 
ence in  the  results  can  be  observed. 

Th^  tables  explain  themselves  very  well,  bat  some  remarks  may  be 
in  order.  Tables  XXXVII  to  L  inclusive  are  the  results  of  fourteen 
experiments  selected  from  the  total  of  about  thirty,  the  others  not  hav- 
ing been  worked  up  yet,  though  I  propose  to  do  so  at  my  leisure. 

Table  LI  gives  the  collected  results.  At  the  top  of  each  column  the 
date  of  the  experiment  and  number  of  the  thermometer  are  given,  to- 
gether with  the  approximate  torsion  weight  and  the  rate  of  rise  of  tem- 
perature per  hour.  The  dash  in  each  column  gives  approximately  the 
temperature  of  the  jacket,  and  hence  of  the  air.  There  are  four  col- 
umns of  mean  values,  but  the  last,  produced  from  the  combination  of 
the  table  by  parts,  is  the  best. 

Table  LII  gives  the  mechanical  equivalent  of  heat  as  deduced  from 
intervals  of  10°  on  Table  LI.  The  selection  of  intervals  of  10°  tends 
to  screen  the  variation  of  the  specific  heat  of  water  from  view,  but  a 
smaller  interval  gives  too  many  local  irregularities.  In  taking  the 
mean  I  have  given  all  the  observations  equal  weight,  but  as  the  Kew 
standard  was  only  graduated  to  i°  F.  it  was  impossible  to  calibrate  it 
so  accurately  as  to  avoid  irregularities  of  0°02C.  which  would  affect 
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the  quantities  1  in  500.     Hence,  in  drawing  a  curve  through  the  results, 
as  given  in  the  last  column,  I  have  almost  neglected  the  Kew,  and  have 
otherwise  sought  to  draw  a  regu!ar  curve  without  points  of  inflection. 
The  figures  in  the  last  column  I  consider  the  best. 

Tahle  LIII  takes  the  mean  values  as  found  in  Tables  LI  and  LU, 
and  exhibits  them  with  respfct  to  the  temperatures  on  the  different 
thermometers,  to  the  different  parts  of  the  earth,  and  also  gives  the 
reduction  to  the  absolute  scale.     I  am  inclined  to  favor  the  absolute 
scale,  using  m  = -00015,  ns  given  in  the  Appendix  to  Thermometry, 
rather  than  ■00018.  as  used  throughout  the  paper. 

Table  LTV  gives  what  T  consider  the  final  result  of  the  experiment. 
It  is  based  on  the  result  m  =  -00015  for  the  thermometers,  and  is  cor- 
rected for  the  irregularity  of  the  engine  by  adding  1  in  4000. 

The  minor  irregularities  aro  also  corrected  so  that  the  results  signify 
a  smooth   curve,  without   irregularity  or  points  of  contrary  flexure. 
But  the  curve  for  the  work  does  not  differ  more  than  three  kilogramme- 
metres  from  the  actual  experiment  at  any  point,  and  generally  coincides 
with  it  to   about  one   kiJogramme-metre.      These   differences  signify 
0°-007  C.  and  O'OOS  C,  respectively.     The  mechanical  equivalent  is 
for  single  degrees  rather  than  for  ten  degrees,  as  in  the  other  tables. 
TABLE  XXXVn,— Fiaai  Sibibb — PriHminarv. 
J»nD«fy  16.  1878.     Jacket  nnd  Air  ibont  If  C. 
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•>  Id  tbe  calculation  of  tbU  column,  more  exnct  datK  vere  aaed  than  given  Id  the 
other  two  columus,  seeing  that  the  orlginnl  calculation  wai  made  everj  5  mm.  of  the 
tbermonictFr,     Hence  the  laal  figure  may  Dot  always  agree  with  the  reat  of  the  data. 

"  A>  this  table  was  orlElnally  calculated  for  eTery  5  mm.  on  tbe  thermometer,  I 
have  e'ven  the  welghta  which  were  used  to  check  the  more  exact  calcnUtioD. 
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TABLE  XL.-FOUHIH  Sihii 

H>rch  34.  187S.     Jaekot  S"-*  to  8 

=■3.     Alribonte'C. 

d 

Correatlon. 

1 

1 

1 

S! 

s 

1 
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i 

J_ 

h 

in 

1 

t 

^8 

J 

1 
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a7'4 

+  ■008 
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43-864 

7-471 

0 

"g 
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9-204 
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398 

5300 

^1 
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66-488 

7-446 
7-443 
7-405 
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008 

10 
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ISO 
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11-480 
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1  ., 
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7009 
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3960 

8863 

^H 
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34 
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36 
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TABLE  XLI.— Fifth  Sbkibs.— /VrKmlnory. 
March  M,  1B78.     Jacket  6°-4  to  8=-4.     Air  abont  6=C. 
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19 

Tsac 

9570 

3M 

•M) 

7745 
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9482 

33 
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am 
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997(1 

aa 
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94 
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am 
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87 
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TABLE  XLII.— Sixth  Series. 
178.     Jacket  IS^^l  to  lS''-4.     Air  about  18=  C. 
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10 
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4M 

4 
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11 
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735 
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11 
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IM 
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sn 

+   003 

—  00( 

ia 

740 
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1579 
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54 

(1 

51(6 

U.150C 
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14 
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5.1 

5 

+  -m 

—  002 
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l.^i 
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0 
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16 
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+  -0I1 

16 
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U938 
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TABLE  XLIl. —  CotHinutd. 


i 

„™ 

Dtlan. 

If 
11 

l^ 

6^ 

1 

^1- 

i 

si 

1} 

6 

i 

E 

1 

i 

"1 

1, 

i 

9S0 
960 

ano 

80-0 

61  a 

+  -018 

+  •081 

17°037 
17  098 

48-50 
68-70 

7  1440 
7  1638 

3308 
8675 

18 
19 
20 

8718 
4148 

4567 

9149 
9575 
10000 

280 
390 
SOO 
810 
830 
830 
340 
SBO 
860 
STO 
880 

aw) 

400 

8T-7 
SOS 
70-7 
73-8 
78-7 
7S-3 
TO-3 
78-8 
797 
81 'S 
83-7 
84-3 
85-7 

+  -osi 

+  -63fl 
+  ■047 

+  ■068 
+  ■6(15 

+  -oifi 

V-iis 

V-'itii 
+  'm 

+  ■37^ 
V-Ml 
+  ■417 

21383 
33. 330 

aa-070 
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80 -MS 
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7-0958 
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89 
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TABLE  XLIIL— Sbtrntb  Sbribs. 
M»y  15,  1878.     Jwket  11°.8  to  13',     Air  »bi>nt  13"  C, 
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TABLE  XLlIt — OonUiiued. 
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TABLE  XLIV. — EiaaTH  BaKiH. 
SUy  as,  1878.     Jacket  19«.3  to  ia°.S.     Air  »ttoBt  80'  C. 
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an 
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wn 

HI 

rt 
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am 
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S4 
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;',M4 
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IW 
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3H 
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44 
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+  .03! 
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27,381 
38.175 
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31 
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4T 

5 
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(1 

+  .031 

+  .311 
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53 

6 

1 

+  .047 
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31.445 
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6.0467 
8.9314 
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TABLE  XLT.-NiNTH  Sbribs. 
H>7  37,  1S7S.  JMket  19'.$  to  20".     Ali  kboat  SB"  C 
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! 

1 
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1 

1 
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38 
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0 
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0 

7 

47 

SS9S 
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39 
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11.74 

}' 
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4T3 

17 

473      8719 
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40 
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18 

901      9147 

E80 

43 
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^: 
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IP 

1S36      9573 
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48 
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30,339 

38.18 
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20 

17541  10000 
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46 

31.442 

33.68. 

2368 

21 

ai80!  10436 
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.     V'.'oos 

-.004 

33.553 

)h 

4800 

82 

3606    10863 

870 

33.669 

! 

33 

SOSl!  11377 

SBO 

49 

8      +!009 

'+'.013 

34.771 

Bo!5S 

) 

8785 

84 

3457    11703 

290  '  SI 

35.888 

66.35 

18 

4399 

4363 

35 

3883    13129 
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63 

9       +.'019 

'+'0S7 

37.006 

61.98  ,t 

4737 

26 

4813;  1355B 
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5* 

38.183 

67.63 

18 

4765 

6316 

87 

4734'  13980 
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S6 
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+  .073 

39.364 

73.36 

5697 

38 

6169;   13406 

S80 

57 

80.404 

79.15 

■18 

4553 
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20 
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MO 

59 

I    +1643 
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31.563 

84.97 

6669 

80 
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8S0     60 

33.703 
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V 
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33.853 
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33 
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33 
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36.170 
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8638 

S4 
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18 
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36 
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+  !333 

3S.4B7 
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36 
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39.664 
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87 
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40 
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18987  1 
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" 
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TABLE  XLVI.— Teutb  Sehirb. 
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1878.     Jackal  18=>.l  to  18°.  4.     Air  abont  SO"  C 
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U.S643 

3731 

99 

48SB 

18838 

870 

0 

198 

ST. 415 

102 

.05 

f 

4081 

30 

5170 

14855 

3H0 

39.346 

m 

.34 

U.S863 

4437 

31 

5604 

14080 

390 

5 

»      V!03B 

m 

39.079 

.49 

f 

4786 

400 

39. 911 

12' 

.66 

1 4. 8978 

5141 

410 

3 

0       +.044 

+ 

377 

80.754 

184 

.R9 

1 

6499  ,1   . . 

TABLE 

SLVII.  — Elbtekth  Sebibs. 
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TABLE  XLIX.—TsiRTBlKTB  Sbribs. 
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V.    CONCLUDING  BEMABKS,  AND  CHITICISM  OF  RESULTS  AND 

METHODS 

On  looking  over  the  last  four  columns  of  Table  LIII,  which  gives 

the  results  of  the  experiments  as  expressed  in  terms  of  the  ditTerent 

mercurial  thermometers,  we  cannot  but  be  impressed  with  the  unsatia- 

fictory  state  of  the  science  of  thermometry  at  the  present  day,  when 

neariy  all  physicists  accept  the  mercurial  thermometer  as  the  standard 

between  0°  and  100°.     The  wide  discrepancy  in  the  results  of  calori- 

Wtric  experiments  requires  no  further  explanation,  especially  when 

ifcysicista  have  taken  no  precaution  with  respect  to  the  change  of  zero 

ir  the  heating  of  the  thermometer.     They  show  that  thermometry 

I  an  immensely  difficult  subject,  and  that  the  results  of  all  physicists 

'ho  have  not  made  a  s;>ecial  study  of  their  thermometers,  and  a  com- 

krigoD  with  the  air  thermometer,  must  be  greatly  in  error,  and  should 

e  rejected  in  many  cases.    And  this  is  specially  the  case  where  Geissler 

i«rmometers  have  been  used. 

TTie  comparison  of  my  own  thermometers  with  the  air  thermometer  is 

Undoubtedly  by  far  the  beat  so  far  made,  and  I  have  no  improvements  to 

Fer  beyond  those  I  have  already  mentioned  in  the  '  Appendix  to  Ther- 

letry.'     And  I  now  believe  that,  with  the  impnivemcnt  to  the  air 

trmometer  of  an  artificial  atmosphere  of  constant  pressure,  we  could 

reasonably  certain  of  obtaining  the  temperature  at  any  point  up  to 

ithin  0°IJ1  C.  from  the  mean  of  two  or  three  observations. 

b«heve  that  my  own  thermometers  scarcely  differ  much  more  than 

it  from  the  absolute  scale  at  any  point  up  to  40°C.,  but  they  represent 

mean  of  eight  observations.     However,  there  is  an  uncertainty  of 

'01 C.  at  the  20°  point,  owing  to  the  uncertainty  of  the  value  of  m. 

taking  m^= -00015,  I  hardly  think  that  the  point  is  uncertain  to 

than  that  amount  for  the  thermometers  Nos.  6163,  6165,  and  6166. 

to  the  comparison  of  the  other  thermometers,  it  is  evidently  un- 

itory,  as  they  do  not  read  accurately  enough.     However,  the  flg- 

giren  in  Table  LIII  are  probably  very  nearly  correct. 

rtudy  of  the  thermometers  from  the  different  makers  introduces 

fneetion  whether  there  are  any  thermometers  which  stand  below  the 

imeter  between  0"  and  100°.    As  far  as  I  can  find,  nobody  liaa 

]nibli^ed  a  table  showing  such  a  result,  although  Bosscha  infers  that 

KHneters  of  "  Cristal  de  Choisy-Ie-Boi "  should  stand  below,  and 

'inference  has  been  accepted  by  Itegnanlt.     But  it  does  not  seem 

vte  been  proved  by  direct  experiment     My  Baudin  thermometers 

to  contain  lead  as  far  as  one  can  tell  from  the  blackening  in  a  g^ 
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flame,  but  they  stand  very  much  above  the  air  thermometer  at  40°,  I 
have  since  tried  some  of  the  Baudin  thermoraeterB  up  to  300°,  and  finj 
that  they  stand  below  the  air  thermometer  between  IOC  and  840°;  thef 
coincide  at  about  240°,  and  stand  above  between  240°  and  300°.  Tlii( 
is  very  nearly  what  Regnault  found  for  "  Verre  Ordinaire."  It  ie  to  b*; 
noted  that  the  formula  obtained  from  experiments  below  100°  mika 
them  coincide  at  233°,  which  is  remarkably  close  to  the  result  of  actiul 
experiment,  especially  as  it  would  require  a  long  series  of  experimeDli 
to  detennine  the  point  within  10°. 

The  comparison  of  thermometers  also  shows  that  all  thermoniEtaB 
in  accurate  investigations  should  be  used  as  thermometers  with  arbi- 
trary scales,  neither  the  position  of  the  zero  point  nor  the  interval  be- 
tween the  0°  and  100°  points  being  assumed  correct.  The  text  boob 
only  give  the  correction  for  the  zero  point,  but  my  ohserrations  siW 
that  the  interval  between  the  0°  and  100°  points  is  also  subject  tosi* 
ular  change  as  well  as  to  the  temporary  change  due  to  heating.  K 
all  the  thermometers  used,  the  Geisaler  is  the  worst  In  this  as  in  othB 
respects,  except  accuracy  of  calibration,  in  which  it  Is  equal  to  most  ill 
the  others. 

The  experiments  on  the  specific  heat  of  water  show  an  undoobtw 
decrease  as  the  temperature  rises,  a  fact  which  will  undoubtedly 
prise  most  physicists  as  much  as  it  snrprised  me.  Indeed,  the 
covery  of  this  fact  put  back  the  completion  of  this  paper  many  months 
as  I  wished  to  make  certain  of  It.  There  is  now  no  doubt  in  my  miw 
and  I  put  the  fact  forth  as  proved.  The  only  way  in  which  an  enfl 
accounting  for  this  decrease  could  have  been  made  appear?  to  n 
in  the  determination  of  m  in  "  Thermometry,"  The  determination  I 
m  rests  upon  the  determination  of  a  difference  of  only  0°  05  C.  betwM 
the  air  thermometer  and  the  mercnrlai,  the  0°  and  40°  points  coinal 
ing.  and  also  upon  the  comparison  of  the  thermometers  with 
whose  value  of  m  was  known,  as  in  the  Appendix.  Although  the  qou 
titv  to  be  measured  is  small,  yet  there  can  be  no  doubt  at  least  that  i 
is  larger  than  zero ;  and  if  so,  the  specific  beat  of  water  certainly  hw 
minimum  at  about  30°. 

One  point  that  might  be  made  against  the  fact  is  that  the  Kew  eta 
■rd.  Table  L,  gives  less  change  than  the  othera.     But  the  aUSk 
tion  of  the  Kew  ftandard,  although  excellent,  could  hardly  be  trusi 
O'OS  or  0°-03  C,  as  the  graduation  was  only  to  J"  F,     In  drawing 
curve  for  the  difference  between  the  Kew  standard  and  the  air 
mometers,  I  ignwed  small  irregolaritiee  and  drew  a  regular  curve. 
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r  the  observations  again,  I  see  that,  had  I  taken  account  of 
tke  small  irregularities,  it  would  have  made  the  observations  agree  more 
nearly  with  the  other  thermometers.  Hence  the  objection  vanishes. 
Bowever,  I  intend  working  up  some  observations  which  I  have  with  the 
Eew  standard  at  a  higher  temperature,  and  shall  publish  them  at  a 
fatnre  time. 

There  ia  one  other  error  that  might  produce  an  apparent  decrease  in 
:ttie  specific  heat,  and  that  ia  the  slight  decrease  in  the  torsion  weight 
from  the  beginning  to  the  end  of  most  of  the  experiments,  probably  due 
to  the  Blowing  of  the  engine.  By  this  means  the  torsion  circle  might 
l«g  behind.  I  made  quite  an  invest) gration  to  see  if  this  source  of  error 
^listed,  and  came  to  the  conclusion  that  it  produced  no  perceptible 
eHflrt.  An  examination  of  the  different  experiments  shows  this  also, 
for  in  some  of  them  the  weight  increases  instead  of  decreasing.  See 
fables  SSSVU  to  L. 
The  error  from  the  formation  of  dew  might  also  cause  an  apparent 
ecrease;  but  1  have  convinced  myself  by  experiment,  and  others  can 
Eonviiiee  themselves  from  the  tables,  that  this  error  is  also  inappre- 
ciable. 
The  observationa  seem  to  settle  the  point  with  regard  to  the  specific 
«it  at  the  4°  point  within  reasonable  limits.  There  does  not  seem 
iId  be  a  change  to  any  great  extent  at  that  point,  but  the  specific  heat 
s  continuously  through  that  point.  It  would  hardly  be  possible 
Uume  at  this  ao  accurately  as  I  have  done  by  any  method  of  mixture, 
EDdler  and  Platter,  who  examined  this  point,  could  not  obtain 
iln  one  per  cent,  while  mine  show  the  fact  within  a  fraction 
cent, 
ipint  of  minimum  cannot  be  said  to  be  known,  though  I  have 
I  provifiionally  between  30°  and  35"  C,  but  it  may  vary  much 

tod  of  obtaining  the  specific  heat  of  the  calorimeter  seems 
The  use  of  solder  introduces  an  uncertainty,  but  it  ia  too 
■ffect  the  result  appreciably.     The  different  determinations  of 
gpea&c  heat  of  the  calorimeter  do  not  agree  so  well  as  they  might, 
the  error  in  the  equivalent  resulting  from  this  error  is  very  small, 
,  besides,  the  mean  result  agrees  well  with  the  calculated  result.     It 
J  be  regarded  as  satisfactory. 

tlie  apparatus  for  determining  the  equivalent  could  scarcely  be  im- 
much,  although  perhaps  the  record  of  the  torsion  might  be  made 
omatic  and  continuous.     The  experiment,  however,  might  be  im- 
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proved  in  two  ways;  first,  by  the  me  of  a  motive  power 
its  action;  and,  second,  by  a  more  esact  determination  o 
radiation.  The  effect  of  the  irregularity  of  the  engine 
lated  as  about  1  in  4000,  and  I  suppose  that  the  error 
be  aa  much  as  that  after  applying  the  correction.  T 
radiation  is  nearly  neutralized,  at  least  between  0°  an 
the  jacket  at  different  temperatures.  There  may  be  an 
amount  at  that  point  (30°)  in  the  dtreotion  of  maWpg 
equivalent  too  great,  and  the  specific  heat  may  keep  t 
even  40°. 

Between  the  limits  of  ITi"  and  25°  I  feel  almost  ceri 
sequent  experiments  will  change  my  values  of  the  ei 
as  two  parts  in  one  thousand,  and  even  outaide  ih 
tween  10°  and  30°,  I  doubt  whether  the  figures  m 
much  more  than  that  amount. 

It  is  my  intention  to  continue  the  esperimeui. 
the  remainder  of  the  old  ones.     I  shall  also  n 
calorimeter  other  than  water,  and  so  have  tli' 
more  than  one  fluid. 


Baltimore,  1878-79.      ^Ini. 
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APPENDIX  TO  PAPER  ON  THE  MECHANICAL  EQUIVALENT 
OF  HEAT,  CONTAINING  THE  COMPARISON  WITH  DR. 
JOULE'S  THERMOMETER 

{I'roeeedingi  of  the  American  Academy  of  Arts  and  Sciencet^  XVI,  88-45,  1881] 

PreBented,   March,  1880 

In  the  body  of  this  paper  I  have  given  an  estimate  of  the  departure  of 

[    Dr.  Joule's  thermometer  from  the  air  thermometer^  based  on  the  com- 

pttison  of  thermometers  of  similar  glass.    But  as  it  seemed  important 

^  the  classical  determinations  of  this  physicist  should  be  reduced  to 

^e  exact  standard^  I  took  to  England  with  me  last  summer  one  of 

lay  standards^ — Baudili,  No.  6166, — and  sent  it  to  Dr.  Joule  with  a 

ftitement  of  the  circumstances.    He  very  kindly  consented  to  make 

tbe  comparison,  and  I  now  have  the  results  before  me.    These  confirm 

ihe  estimate  that  I  had  previously  made,  and  cause  our  values  for  the 

equivalent  to  agree  with  great  accuracy.     The  following  is  the  table  of 

the  comparison : — 


Readings. 

Temperatures. 

BaudlD,  No.810a. 

i 

Joule. 

By  perfect  Air 

Thermometer 

aooording  to 

No.  61^. 

By  Joule*s 
Thermometer. 

Difference. 

21.88 

41.980 

48.782 

58.705 

58.916 

64.914 

78.874 

80.176 

85.268 

90.564 

94.248 

99.168 

104.080 

108.868 

118.706 

114.000 

1121.507 

22.62 

59.410 

72.200 

81.840 

90.877 

101.777 

117.291 

129.990 

189.255 

148.884 

155.460 

164.400 

178.140 

182.040 

190.885 

191.882 

1219.497 

8 
1.590 
2.126 
2.511 
2.918 
8.882 
4.089 
4.567 
4.961 
5.870 
5.654 
6.086 
6.418 
6.789 
7.165 
7.188 
»7.772 

8 

1.578 
2.127 
2.519 
2.928 
8.896 
4.061 
4.606 
5.003 
5.414 
5.698 
6.082 
6.457 
6.889 
7.218 
7.289 
18.445 

8 

-.012 
+  .001 
.008 
.010 
.014 
.022 
.089 
.042 
.044 
.044 
.046 
.044 
.050 
.058 
.051 

•   ■  • 

1  Brfdently  a  mistake  in  the  readings. 
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From  this  I  have  constructed  the  following  table:— 


Apprn^ilreiBte  Addition  to  Equlsalenl 

.. 

Metric  SyBUm. 

Hngtlsh  Sfstem. 

0 
5 
10 
IS 

as 

30 

0078 

oone 

0054 
0042 
OOSl 
0031 
0011 

3 

S 
3 

1 

8 

S 
8 

a 

9 

B 

e 

4 
3 

3 

1 

0 

3 

4 
6 
8 

r 


427  0 

427-7 


Corrected  in  this  way  we  have, — 

Joule's  value 

Eeduction  to  air  thermometer 
Beduetion  to  latitude  of  Baltimore 
Correction  for  ep.  ht.  of  copper 

My  value 
Difference 
or  1  in  600  and  1  in  426,  respectively. 

But  it  iB  evident  that  all  the  other  temperatures  used  in  the  experi*^ 

ent  millet  al^o  be  corrected,  and  I  have  done  thb  in  the  following  mHn- 
ner.  The  principal  other  correction  required  is  in  the  capacity  of  the 
calorimeter,  and  this  amounts  to  considerable  in  the  experiments  on 
mercury  and  cast-iron,  where  no  water  is  used.  Dr.  Joule  informs  me 
that  the  thermometer  with  which  he  compared  mine  was  made  in  1844, 
hut  does  not  give  any  mark  by  which  to  designate  it,  although  it  is  evi- 
dently the  thermometer  called  "A"  by  him.  I  shall  commence  with  the 
experiments  of  1847.  The  calorimeter  was  composed  of  the  following 
substances,  whose  capacities  I  recompute  according  to  what  in  my  paper 
I  have  considered  the  most  probable  specific  heats. 


Water 
Brass 
Copper 
Tin 


wpitrht. 

ITfilT  grains 

24800  grains 

112.37  grains 

(?) 

Total  capacity 


77617 
2319 
1056 


1-000 
-0900 
■0933 


77617 
2232 
1036 
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Equivalent  found 

781-5  at  about  59**  F. 

Correction  for  thermometer 

3-3 

Correction  for  capacity 

1-3 

Correction  for  latitude 

•9 

Corrected  value 

7870 

or  442-8  at  15®  C.  on  the  air  thermometer. 

The  other  experiment,  on  sperm  oil,  made  at  this  time,  is  probably 
hardly  worth  reducing.  The  experiments  of  1850  are  of  the  highest 
importance  and  should  be  accurately  reduced. 

In  the  experiments  with  water  the  capacity  of  the  calorimeter  is  cor- 
rected as  follows : — 


Weight. 

Capacity  lued 
by  Joule. 

Moft  probable 
Speclflo  Heat. 

Most  probable 
Capacity. 

Water 

93329-7 

93229-7 

1-000 

93229-7 

Copper 

25541- 

2430-2 

•092 

2349-8 

Brass 

18901- 

1800-0 

-091 

1720-0 

Brass  stopper 

10-3 

•    •    •    • 

10-3 

Total  capacity  97470-2  97309-8 

Therefore  correction  is   0016. 

Hence  the  result  with  water  requires  the  following  corrections: — 

Joule's  value  772-7  at  14**  C. 

Correction  for  thermometer  3  -  2 

Correction  for  latitude  -9 

Correction  for  capacity  1-2 

778-0 

or  426-8  on  the  air  thermometer  in  the  latitude  of  Baltimore  at  the 
temperature  of  14°  C,  nearly. 

In  the  next  experiment,  with  mercury,  Joule  determined  the  capacity 
of  the  apparatus  by  experiment.  The  mean  of  the  experiments  was  that 
the  apparatus  lost  20° -33155  F.  in  heating  143430  grains  of  water 
3°  - 13305  F.  To  reduce  these  to  the  air  thermometer  we  must  divide 
respectively  by  1-0042  and  10056.  Therefore  the  capacity  must  be 
divided  by  1-0014.     Therefore  the  corrected  values  are: — 

772-8  at  9°  C.     775-4  at  IV  C. 
Correction  for  thermometer          4-4  4-0 

Correction  for  capacity  1-1  1-1 

Correction  for  latitude  -9  -9 

779-2  781-4 


^ssxz  A,  Bowla5t) 


mme^^,  bat  tbejr  botJi  nte  to  At  te^sttnn 


«(  Ai  oifpv  •Mt^  M I  km  te*  m  m9^ 


ti  IkiB.  A.  OoBtoitWh  ■^«h«tv 


%;i«a»4ft«  ^K  SM*  «•  H  vUA  M>dr  agiMi  wta  a«  qnottr 

WM«  "  *«-.is.~.  'MiMv:^.    9H,    Taking  my  nine  -9911,  Jonle't  ntiU 


429.9  at  18° -6  0. 
+  1-5 
+    -4 
—  S-8 

488-0  ttis'-ec. 


iv    j*i   n.^■.--'l•...!J  ..-c*  is  the  'Philosophical  TraoBactions '  of  187! 

•.■K  *,■»■'."  -"^  "^  -.-aLi^rimeter  web  detennined  by  eiperimeiit,  in- 
,«i«».  1  .■..uL.-k.W  :-.'K  the  specific  heat  of  copper  giren  by  Regninl^ 
(^  a  N  ..^v.-  ?.v^r;=wsts.  The  value  nsed,  4843-4  gtaim,  con* 
•y<MV<v  L'  «  ^-vVLiv-  bM:  of  brass  of  about  -090,  which  is  almost  enettj 
o^ij^  ',  ■U'v  ,v;!s:»;'rT«si  right.  The  rednctioD  to  the  air 
1^  Aviv*.*,'   :  ft.>i»nr«b4t.  and  the  correction  for  the  increase  ol 
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specific  heat  of  brass  and  the  decrease  of  the  specific  heat  of  water  will 
also  change  it  somewhat.  In  all,  ihe  amount  will  be  about  I  in  200, 
Hence  the  reduction  becomes  as  follows : 

JouIc'b  values  rrS'T  774'6  773-1  767'0  774-0 
Correction  for  thermometer  3-2  3'7  3-1  3-3  2-8 
Correction  for  capacity                            -8           -S            2  2  -2 

Correction  for  latitude                            -9           -9           -9           -9  -9 

Correction  to  vacuum  —  -9      —  -9     —  -9 9     —  -9 


Corrected  values 


776-1     778-5     776-4     770-5     777-0 
at  I4<'-7  at  12°-7  at  12''-6  at  14''-5  at  l7°-3 


To  reduce  the  values  in  English  measure  to  metres  and  the  Centi- 
grade scale,  I  have  simply  taken  the  reducing  factor  1-8  X  -304794, 
although  the  barometer  on  the  two  systems  is  not  exactly  the  same: 
for  this  is  taken  into  account  in  the  comparison  of  the  thermometers. 
However,  a  barometer  at  30  in.  and  60°  P.  is  equivalent  to  759-86  mm. 
at  0°  C.  which  hardly  makes  a  difference  of  O'-Ol  C.  in  the  temperature 
of  the  hundred-degree  point. 


Mo. 

DaU. 

.«.. 

Tern. 

Joule's 

Joule's  Value  re- 
ducwl  to  Air  Tber- 

tudP  uf  BiItiiDore. 

ii 

J.-R. 

S 

EDgllStl 

measure. 

Metric 
aretem. 

' 

10 
11 
IS 

18*7 

tsso 

1867 
1878 

FrlctloD  or  water 

'•       roercnry 

"       Iron 

«       iroD 
Electric  li««tlng 
FrlclloQ  at  wilar 

fs       1781.5 
14      1  778,7 
9         77a. 8 
B       1   775.4 
9       1  776.0 

a       773. e 

787 
778 
779 
781 
783 
780 

0 
0 

3 
4 
3 
3 

443.8 
4S6.B 
437.5 
438.7 
42Q.1 
438.0 
438.0 
436.8 
437.1 
436.0 
49B.7 
436.8 

437 
437 
488 
438 
438 
4B8 
430 
437 
438 
437 
437 
436 

4 
7 
8 
8 
8 

7 
6 
0 
8 

B 

+  1B 

+ 
-   1 

4 
9 
8 

1 
» 

8 
9 

3 
8 

e 

10 

14.7 
13.7 
IS. 5 
14.R 
17.3 

773.7 
774,6 
778.1 
787.0 
774.0 

770 
778 
778 
770 
777 

6 
4 
6 

0 

In  combining  these  so  as  to  get  at  the  true  difference  of  Joule's  and 
my  result,  we  must  give  these  different  determinations  weights  accord- 
ing to  their  respective  accuracy,  especially  as  some  of  the  results,  as 
No.  11,  have  very  little  weight.  Joule  rejected  quite  a  number  of  his 
results,  but  I  have  thought  it  best  to  include  them,  giving  them  small 
weights,  however.    In  this  way  we  obtain  a  value  for  Jonle^s  experiment 


476  Henrt  a.  Rowland 

of  426-?5at  14°  G,  my  value  at  tliis  point  being  427-52.  The  difference 
amounts  to  1  in  afiO  only.  Giving  the  observations  equal  weight,  this 
would  have  been  1  in  430  nearly.  The  quantity  4S6-75  is  what  I  find 
at  18°  C.  So  that  my  result  at  this  particular  temperature  differs  from 
that  of  Joule  only  the  amotmt  that  water  changes  in  spedfic  heat  in 
3° -4  C. 

Joule's  value  is  Uss  than  my  value  to  the  amount  given,  but  the  value 
from  the  properties  of  air,  430-7  at  14°  C.  is  greater,  although  the 
method  can  have  little  weight. 

It  might  be  well  to  diminieh  my  values  by  1  part  in  1000  bo  as  to  make 
them  represent  the  mean  of  Joule's  and  my  own  experiments.  It  is 
seen  that  the  experiment  by  the  method  of  electric  heating  agrees  very 
exactly  with  the  other  experiments,  because  I  have  reduced  it  to  my  vaJtu 
of  the  ohm.  Hence  I  regard  it  as  a  very  excellent  contirmation  of  my 
value  of  that  unit. 


Balllmorc,  Fihi 
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PHYSICAL   LABORATORY:   COMPARISONS   OF   STAIIDARDS 
[/oAni  Hupkinl  UnivtrHli/  Cirevlan,  yo.  3,  p.  31,  18B0] 

In  order  to  secure  uniformity  throughout  the  country  in  certain 
physical  standards,  and  to  facilitate  the  use  of  the  absolute  system  of 
heat  mtasurement,  it  has  been  thought  advisable  to  organize  in  the 
physical  department  of  this  University  a  sub-department,  where  com- 
parieons  of  standards  can  be  made. 

Comparis<m  of  Themumuters. — At  present  we  are  only  able  to  make 
comi»risona  of  thermometers,  and  so  to  reduce  their  degrees  to  the  abso- 
lute scale  of  the  perfect  gas  thermometer. 

As  the  work  is  very  laborious,  it  is  proposed  to  make  this  sub-depart- 
ment self-supporting,  by  a  system  of  fees  sufficient  to  cover  the  bare  cost 
of  the  kbor,  so  that  all  may  avail  themselves  of  the  facilities  here 
offered. 

In  a  recent  study  of  standard  thermometers  by  Qeissler,  Baudin, 
Fflstr^,  Caselia  and  from  Kew,  and  the  comparison  of  the  same  with 
the  air  thermometer,  the  differences  due  to  the  variety  of  the  glass 
amounted  to  C-S  or  0''-3  C,  and  the  differences  from  the  air  thermom- 
eter were  as  high  somclLnies  as  C-S  C.  at  the  40°  point. 

The  error  from  using  uncompared  mercurial  thermometers  in  calori- 
metric  investigations  may  amount  to  one  or  two  per  cent,  For  this 
reason  the  air  thermometer  has  been  taken  aa  the  standard,  and  all  com- 
parisons will  be  reduced  to  the  final  absolute  standard  of  the  perfect 
gas  thermometer.  ■ 

Very  complete  studies  of  thermometers  have  been  made  between 
I  0°  and  40°  C,  and  a  less  complete  study  between  0°  and  100",  and  be- 
tween 100°  and  250°.  Up  to  100°  our  thermometers  have  not  only  been 
compared  with  the  air  thermometer,  but  also  with  standards  by  Fastr6, 
Oeissler,  Casella,  Baudin  and  from  Kew. 

The  study  from  0°  io  10°  has  been  published  by  the  American  Acad- 
emy of  Sciences,  at  Boston,  in  a  memoir  on  the  Mechanical  Equivalent 
of  Heat.  One  of  our  thermometers  is  also  now  in  the  hands  of  Dr. 
Joule,  who  has  compared  it  with  the  original  thermometers  used  by  him 
in  the  determination  of  the  Mechanical  Equivalent  of  Heat. 


47S 


Hesby  a.  Rowlasd 


The  apparatus  for  the  comparieon  up  to  100°  C.  is  described  in  the 
paper  above  referred  to.  The  thermometers  are  totally  immereed  ia 
,ihe  water  with  their  etems  very  near  the  bulbs  of  the  air  thermometeM. 
From  100°  up  to  250°  an  oil  bath  ia  ueed,  the  bulbs  only  being  m  the 
oil,  but  the  stems  are  heated  to  the  same  degree  by  being  in  conlact  with 
a  heavy  copper  bar,  whose  temperature  is  noted  by  separate  thennoms- 
ters. 

The  ordinary  comparison  is  made  with  the  stems  of  the  themiometsn 
in  a  vertical  position.  Where  they  are  used  in  a  horizontal  position  i 
correction  will  have  to  be  made,  and  this  correction  will  be  determined 
when  it  is  so  desired.  When  the  comparison  is  miide  only  to  40°,  m 
can  compare  them  in  a  horizontal  position,  but  we  cannot  then  insure 
the  same  accuracy  as  when  they  are  vertical,  and  it  ia  never  adviMble  to 
use  them  in  that  position. 

Where  desired,  a  study  will  be  made  of  the  changes  of  the  zero  point 
as  a  function  of  the  temperature  to  which  it  has  been  heated,  and  ol  t^if 
time,  but  this  study  is  not  advised,  as  it  does  not  lead  to  very  valusli'f 
results. 

Thermometers  with  metal,  wooden  or  paper  scales  are  generBlljtft 
poor  to  be  worth  comparison,  and  would  often  be  spoiled  by  the  iDiiiie> 
sion  in  the  water.  Thermometers  with  metal  caps  of  Geissler's  to 
are  often  injured,  especially  when  heated  to  250°  C,  Therefore,  com- 
parisons of  thermometers  of  these  classes  will  not  be  undertaken, «' 
eept  in  the  case  of  standards  long  used  for  some  particular  purpoM,  oT 
in  that  of  fine  Geissler  thermometers. 

Three  intervals  for  the  comparison  have  been  selected. 

A.  Between  0"  and  40°  for  thermometers  usod  for  meteorolugi* 
observations,  determination  of  the  temperature  of  standards  of  lengtft 
calorimetric  determinations,  and  all  purposes  where  extreme  accuiscyi 
desired  within  that  limit.  To  obtain  the  full  value  of  such  a  comptti 
son,  thermometers  should  be  graduated  at  least  as  fine  as  O'l  C.  < 
0°-8  F. 

B.  Between  0°  and  100°  C.  It  is  advised  that  the  thermometeTs  ss 
be  graduated  at  least  as  fine  as  O'^  C.  or  0°-5  F. 

C.  Between  100°  and  S50°  for  thermometers  used  by  chemists  in  i 
determination  of  melting  or  boiling  points.  Thermometers  should 
(iraduated  to  1°  C,  or  1°  F. 

Three  kinds  of  comparison  will  be  made  for  each  of  the  inte 
0°  to  40°,  0°  to  100°,  and  100°  to  250°.  as  follows: 

Ist.  Direct  comparison  with  the  air  thermometer,  and  also  a  pru 
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standard.  This  comparison  is  very  laborious,  and  is  not  recommended 
except  in  very  exceptional  cases,  as  more  than  one  comparison  should 
be  made  to  insure  good  results. 

2nd.  Comparison  with  primary  standards  which  have  been  compared . 
many  times  with  the  air  thermometer.  This  is  recommended  where  an 
error  of  tttt"  ^^  ^^  some  importance. 

3rd.  Comparison  with  secondary  standards  which  have  been  com- 
pared many  times  with  the  primary  standards,  and  not  very  often 
directly  with  the  air  thermometer.  Thi?  is  recommended  in  all  ordi- 
nary cases,  where  an  error  of  t-Stt"  '^^^  ^^  tolerated. 

When  several  comparisons  are  made,  the  following  intervals  will  be 
allowed  between  the  experiments,  so  that  the  zero  reading  may  be 
allowed  to  return  to  its  primitive  value. 

Thermometers  heated  to  40°  C.  about  1  week. 
Thermometers  heated  to  100°  C.  about  6  weeks. 
Thermometers  heated  to  250°  C.  about  4  months. 

The  latter  interval  is  too  small  for  an  accurate  return. 

For  the  exact  details  of  the  method  of  comparison,  I  must  refer  to  the 
above  mentioned  paper  on  the  Mechanical  Equivalent  of  Heat. 

It  is  advisable  in  all  cases  where  great  accuracy  is  desired,  that  a 
numbers  of  comparisons  be  made,  seeing  that  delicate  thermometers  are 
constantly  varying  through  slight  limits,  and  the  average  state  can  only 
be  determined  by  repeated  experiments. 

Reports. — In  the  report  of  the  comparison,  the  original  readings  will 
be  given  together  with  the  reduced  ones,  and  the  plot  of  the  curve  of 
errora  of  the  thermometer  at  every  point.  From  this  curve,  the  error 
of  the  thermometer  at  any  reading  can  he  found. 

It  is  proposed  to  publish  at  the  end  of  the  year  a  complete  report  of 
all  the  comparisons  made  during  the  year,  together  with  all  new  deter- 
minations of  the  errors  of  the  standarda,  and  to  send  it  to  any  addresa 
at  a  price  which  we  will  hereafter  announce. 

Fees. — The  comparators  allow  five  thermometers  only  to  be  placed  in 
them,  of  which  two  are  our  own  standards  in  ordinary  comparisons, 
and  one  in  direct  comparisons  with  the  air  thermometer.  Therefore, 
three  themiometers  can  be  compared  as  easily  as  one  in  ordinary  cases, 
and  four  in  direct  comparisons.  Hence  the  following  system  of  fees 
haa  been  made  out. 
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A.  When  a  number  of  Thermometers  are  sent  S 

Comparison  between  0°  and  40°  C.  for  3  or  4  thermomptere.  I 

Direct,  probable  error  at  each  point ^p^"  $20  OO  a 

Primary  Standards,  probable  error  at  each  point  =  yi(T,'  11  OO  I 

Secondary  Standards,  probable  error  at  each  poiut  =  Yii"  8  UO  ■ 

0°  and  100°  for  3  or  4  thermometers.  M 

Direct,  probable  error  at  each  point ^^j°  $85  00  fl 

Primary  Standarda,  probable  error  at  each  point  =  ^-Jir"  12  00  I 

Secondary  Standards,  probable  error  at  each  point  ^^i-Jtt"  9  00  ■ 

100°  to  250°  for  3  or  4  thermometers.  I 

Direct,  probable  error  at  each  point =    -jV  $'ia  00  M 

Primary  Standards,  probable  error  at  each  point  =^   jij"  IS  00  ■ 

Secondary  Standards,  probable  error  at  each  point  =     J"  9  00  I 

B.  For  Single  Thermometers 

For  single  thermometers,  the  fees  for  the  direct  comparisons  should 
be  reduced  to  one-third,  and  for  the  ordinary  ones  to  one-half  the 
above  figures.  But  in  this  case  the  thermometer  will  have  to  remain 
here  untU  enough  accumulate  to  fill  the  comparatore. 

Directions  for  Sending. — With  each  thermometer,  send  the  name  of 
maker,  the  date  when  made,  purpose  for  which  it  ia  used,  and  the 
highest  temperature  to  which  it  has  lately  been  heated,  and  the  date 
of  such  heating,  together  with  the  kind  of  comparison  desired,  and 
whether  the  thermometer  is  generally  used  in  the  horizontal  or  the 
vertical  position. 

In  packing,  the  thermometer  should  be  placed  in  a  small  box,  which 
should  again  be  packed  with  straw  in  a  larger  bo.\. 

The  thermometers,  both  during  transit  and  while  here,  must  be  at 
the  owners'  risk.  Only  sufficient  fees  have  been  charged  to  cover  the 
bare  cost  of  the  comparison,  and  we  bear  the  risk  of  our  own  standards, 
which  are  probably  more  valuable  than  any  of  those  which  will  be  sent 
to  us.  But  every  care  will  be  taken,  and  the  probability  of  an  accident 
is  very  small. 

We  expect  soon  to  be  able  to  make  other  comparisons,  and  notice  will 
then  be  given  of  the  fact  by  the  issue  of  another  circular. 


Off  GEISSLER  THERMOMETERS:  REMARKS  BY  PROFESSOR 
ROWLAND  ON  THE  PRECEDING  LETTER/  IN  A  COMMU- 
NICATION DATED  JOHNS  HOPKINS  UNIVERSITY,  APRIL 
29,  1881 

[Amcritan  Journal  of  Stitf-ct  [S],  XXI,  4B1-4S3,  18B1| 

Through  the  kindneBs  of  Dr.  Waldo,  I  have  been  allowed  to  see  the 
above  and  would  like  to  give  a  few  words  of  explauation. 

In  reading  what  I  had  to  say  with  respect  to  the  Geisaler  therraom- 
eter,  the  reader  ehould  remember  that  I  was  not  writing  on  general 
thermometry,  but  only  on  that  part  which  should  be  useful  to  me  in 
measuring  differences  of  temperature  within  ike  limits  of  0"  and  45°  C. 
And  ao  I  merely  made  a  study  of  thermometers,  their  change  of  zero 
and  other  points,  as  it  affected  the  problem  which  I  had  before  me.  I 
am  well  aware  that  there  are  formulie  for  giving  the  changed  readings 
of  thermometers  due  to  previous  heating,  but,  according  to  well  known 
principles  in  such  cases,  I  preferred  to  eliminate  such  error  by  the 
proper  use  of  the  thermometer  rather  than  trust  to  an  uncertain  theory. 

In  the  course  of  my  investigation  I  discovered  the  fact  that  the 
Geisaler  thermoinetere,  especially  the  one  I  then  used,  departed  more 
from  the  air  thermometer  than  any  other.  Now  the  Oeissler  ther- 
mometer has  been  used  for  many  years  by  physicists,  principally  Ger- 
man, without  any  reduction  to  the  air  thermometer.  And  this  correc- 
tion was  so  great,  amounting  to  over  0°  -3  C,  for  the  specimen  I  used,  at 
the  45°  point,  that  I  thought  it  right  to  call  attention  to  the  point. 
And  I  acknowledge  that  the  picture  was  present  in  my  mind  of  a  physi- 
cist reading  a  thermometer  from  a  distance  by  a  telescope  to  avoid  the 
heat  of  the  body  and  parallax,  and  recording  his  results  to  thousandth 
of  a  degree,  and  all  this  on  a  thermometer  having  an  error  of  0°-3  C.l 
As  Dr.  Tbiesen  remarks:  If  one  is  to  compare  his  thermometer  with 
the  air  thermometer,  the  amount  of  correction  is  of  little  importance: 
but  departure  from  the  air  thermometer  is  certainly  not  a  recommenda- 
tion and,  indeed,   must  introduce  slight  errors.     The  most  accurate 


'  [Bj  Dr.  M.  ThlBsen.  replying  to  Rqw1«b 
a*  expressed  In  hia  memoir  '  On  Itie  Mechi 
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readings  which  one  can  make  on  an  air  thermometer  will  vary  several 
hundredths  of  a  degree. 

Hence  we  can  never  use  with  accuracy  the  direct  comparison  with  the 
air  thermometer  but  must  espress  the  difference  of  the  two  instruments 
by  some  formula  of  the  form: 

J  =  a  +  bt  +  ct'  +  &c. 

Should  we  take  an  infinite  number  of  terras  this  formula  would  ex- 
press all  the  irregularities  of  our  observations.  But  by  limiting  the 
number  of  terms  the  curve  of  differences  becomeii  smoother  and 
smoother  and  the  formula  expresBes  less  and  less  the  irregularities  of 
the  expermient.  The  number  of  terms  to  be  used  is  a  matter  of  judg- 
mentj  and  this  point  I  sought  to  dett-rmine  by  the  use  of  the  observa- 
tions of  Regnault  and  othera.  The  rejection  of  the  higher  powers  of  t 
is  more  or  lese  of  an  assumption  founded  on  the  fact  that  we  are 
reasonably  certain  that  the  curve  of  differences  between  the  mercurial 
and  the  air  thermometer  is  a  smooth  curve.  It  is  evident  that  the 
less  the  correction  to  be  introduced  the  less  the  rejection  of  the  higher 
powers  of  t  will  affect  our  results. 

We  now  come  to  my  criticism  of  the  Geisaler  thermometer  for  not 
having  a  reservoir  at  the  top.  Dr.  Thiesen  has  in  some  way  misunder- 
stood my  principal  reason  for  its  presence.  My  reason  was  not  that 
"  es  vermindert  die  Schiidlichkeit  der  im  Quecksilber  znruckgebliebenen 
Spuren  von  Luft  "  but  that  only  by  its  use  can  the  mercury  in  the  bulb 
be  entirety  free  from  air.  Take  a  thermometer  and  turn  it  with  the 
bulb  on  top.  If  the  thermometer  is  large,  in  nine  eases  out  of  ten  the 
mercury  will  separate  and  fall  down:  allow  it  to  remain  and  observe  the 
bubble-like  vaciium  in  the  bulb.  Turn  the  bulb  in  various  directions  so 
af!  to  wawli  the  uliole  interior  of  the  bulb,  a.*  it  were,  and  then  bring 
the  Ihermouietcr  into  a  vertical  position,  keeping  the  bubble  in  sight. 
As  the  mercury  flows  bnek,  the  bubble  diminishes  and  finally,  in  a  good 
thermometer,  nhnost  disnppeurs:  but  in  most  thermometers  a  good 
sized  bubble  of  air,  in  some  case*  as  large  as  the  wire  of  a  pin,  remains. 
It  is  the  most  iniportiint  function  of  a  reservoir  at  the  top  to  permit 
such  manipulations  as  to  drive  all  f^ueh  air  into  the  top  reservoir  and  to 
make  the  mercurj-  and  the  glass  assume  such  perfect  contact  that  the 
bulb  can  be  turned  uppermost  without  the  mercury  separating,  even  in 
thermometers  of  largo  size  and  with  good  generous  bulbs.  In  many 
Oeissler  thermometers  sueh  a  test  might  succeed,  not  on  account  of  the 
freedom  from  air.  but  because  the  capillary  tube  and  bulb  are  so  small 
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1  the  column  so  short  that  the  capillary  action  is  sufficient  to  prevent 
the  fall.  Now  I  think  that  a  thermometer  in  which  there  is  thia  layer 
of  air  around  the  mercury  in  the  bulb  must  be  uncertain  iii  its  action; 
hence  my  opinion  is  unaltered  that  all  thermometers  in  which  we  can- 
not remove  this  layer  or  at  least  make  certain  of  its  absence  should  be 
rejected. 

Furthenuore,  with  respect  to  calibration,  the  reaervoir  is  not  esBeu- 
tial  to  the  calibration  of  thermometers  whose  range  is  0°  and  100°  C. 
lint  my  remarks  apply  beiier  to  those  whose  range  is  between  0'  and 
30°  0.  or  40°  C.  Here  calibration  is  impoaeible  with  a  short  column 
at  ordinary  temperatures  unless  some  of  the  mercury  can  be  stored  up 
in  the  reservoir  so  as  to  allow  the  column  to  move  over  the  whole  scale. 
And  it  is  within  this  limit  that  thermometers  are  of  the  greatest  value 
in  the  physical  laboratory. 

The  other  defects  of  the  Geissler  thermometer,  the  scale  which  was 
always  coming  loose,  the  metal  cap  which  waa  never  tight  and  always 
allowed  water  to  enter,  the  small  capillary  tube  which  wandered  with 
perfect  irregularity  from  side  to  side  over  the  scale,  all  these  were  so 
obvious  that  I  confined  my  remarks  to  the  more  obscure  errors. 

Furthermore,  I  believe  there  is  some  error  in  most  Geissler  ther- 
mometers from  the  small  size  of  the  bulb  and  the  capillary  tube,  and 
this  I  have  mentioned  on  p.  134'  of  the  paper  referred  to.  Pfaundler 
and  Platter,  in  a  paper  on  the  specific  heat  of  water,  in  PogEtendorfTs 
Annnlen  for  1870,  found  an  immense  variation  within  small  limits.  In 
a  subsequent  paper '  the  authors  traced  this  error  to  the  lagging  of  the 
thermometer  behind  its  true  rending. 

The  authors  used  Geissler  thermometers  ffraduaied  U*  jfji°  C.l  in  a 
series  of  experiments  made  by  plunging  the  thermometer  into  water 
after  slightly  heating  or  cooling  the  thermometer  so  that  in  one  case 
the  mercury  fell  and  the  other  rose  to  the  required  point.  When  the 
thermometer  fell  about  6°  or  8°  C.  it  lagged  behind  0°0654  and  when 
it  rose  3°  or  4°  it  lagged  0°02S.  making  n  difference  of  0°087  C. !  Now 
my  thermometers  made  by  Baudin  show  no  effect  of  this  kind.  They 
indicate  accurately  the  temperature  whether  they  rise  or  fall  to  the 
given  point,  provided  the  interval  is  not  too  great.  The  fact  then 
remains  that  a  Geissler  thermometer  graduaied  to  j^j"  C.  may  be  uncer- 
tain to  0°087C.,  while  a  Baudin  graduated  to  mm.,  one  mm.  being 
from  ■^'  to  1^°  C.  is  not  uncertain  to  O'-Ol  or  0''-02  C.     May  not  the 
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cause  be  found  in  the  layer  rjf  air  around  the  mercurr  of  the  bolb 
which  cannot  be  removed  without  a  reservoir  at  the  top?  Or  may  we 
Dot  also  look  for  euch  an  eiTect  from  the  minute  size  of  the  bore  of  the 
capillar)'  tube  which  creates  a  different  preesure  in  the  buib  from  a 
rising  or  falling  meniseue?    Possibly  the  two  may  be  combined. 


PART  IV 

LIGHT 


p 


PHELIMINARY  NOTICE  OF  THE  RESULTS  ACCOMPLISHED 
IN  THE  MANUFACTURE  AND  THEORY  OF  GRATINGS  FOR 
OPTICAL  PURPOSES 

[Jehnt  Hopkint  UHlvtriil]/  Cireulart,  .Vo.  17,  pp.  348,  349,  1SH3;   PhlloiopJiical  Stagaiint 

[4],  Xm,  4n»-4T4,  1883;  JViMur*.  26.  Sll-aiS,  ISBS;  Journal  Oe  rhj/tiqtu. 

IT,  B-n,  18S3] 

It  IB  Dot  many  years  since  physicists  considered  that  a  spectroscope 
constructed  of  a  large  number  of  prisms  was  the  best  and  only  instru- 
ment for  viewing  the  spectrum,  where  great  power  was  required.  These 
instruments  were  large  and  expensive,  so  that  few  physicists  could  pos- 
sess them.  Professor  Young  was  the  first  to  discover  that  some  of  the 
gratings  of  Mr.  Riitherfnrd  showed  more  than  any  prism  spectroscope 
which  had  then  been  constructed.  But  all  the  gratings  which  had  been 
made  up  to  that  time  were  quite  small,  say  one  inch  square,  whereas 
the  power  of  a  grating  in  resolving  the  lines  of  the  spectrum  increases 
with  the  size.  Mr.  Rutherfurd  then  attempted  to  make  as  large  grat- 
■  ings  as  his  machine  would  allow,  and  produced  some  which  were  nearly 
two  inches  square,  though  he  was  rarely  successful  above  an  inch  and 
three-quarters,  having  about  thirty  thousand  lines.  These  gratings 
were  on  specultim  metal  and  showed  more  of  the  spectrum  than  had 
ever  before  been  seen,  and  have,  in  the  hands  of  Young,  Rutherfurd, 
Lockyer  and  others,  done  much  good  work  for  science.  Many  mechanics 
in  this  country  and  in  France  and  Germany,  have  sought  to  equal 
Mr.  Rutherfurd's  gratings,  hut  without  success. 

Under  these  circumstances.  I  have  taken  up  the  subject  with  the 
resources  at  command  in  (he  physical  laboratory  of  the  Johns  Hopkins 
University. 

One  of  the  problems  to  be  solved  in  making  a  machine  is  to  make  a 
perfect  screw,  and  this,  mechanics  of  all  countries  have  sought  to  do 
for  over  a  hundred  years  and  have  failed.  On  thinking  over  the  matter, 
I  devbed  a  plan  whose  details  I  shall  soon  publish,  by  which  I  hope  to 
make  a  practically  perfect  screw,  and  so  important  did  the  problem  seem 
that  I  immediately  set  Mr.  Schneider,  the  instrument  maker  of  the 
university,  at  work  at  one.    The  operation  seemed  so  successful  that  I 
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immediately  designed  the  remainder  of  the  machine,  and  have  now  hsti 
the  pleasure  since  Christmas  of  trying  it.  The  screw  is  practically  pen 
feet,  not  by  accident,  but  because  of  the  new  process  for  making  it,  a 
I  have  not  yet  been  able  to  detect  an  error  so  great  as  one  one-hnndred' 
thousandth  part  of  an  inch  at  any  part.  Neither  ha^  it  any  appreciabl 
periodic  error.  By  means  of  this  machine  I  have  been  able  to  mal 
gratings  with  43,000  lines  to  the  inch,  and  have  made  a  ruled  surfaof 
with  160,000  lines  on  it,  having  about  29,000  lines  to  the  inch. 
capacity  of  the  machine  is  to  rule  a  surface  6^x4^  inches  with  ao] 
required  number  of  lines  to  the  inch,  the  number  only  being  limited  \ 
the  wear  of  the  diamond.  The  machine  can  be  set  to  almost  any  n 
ber  of  lines  to  the  inch,  but  I  have  not  hitherto  attempted  more  ihan 
43,000  lines  to  the  inch.  It  ruled  so  perfectly  at  this  figure  that  I  see 
no  reason  to  doubt  that  at  least  two  or  three  times  that  number  might 
be  ruled  in  one  inch,  though  it  would  be  useless  for  making  gratings 

All  gratings  hitherto  made  have  been  ruled  on  flat  surfaces.  Such 
gratings  require  a  pair  of  telescopes  for  viewing  the  spectrum;  thejfl 
telescopes  interfere  with  many  experiments,  absorbing  the  extreraitiea 
of  the  spectrum  strongly;  besides,  two  telescopes  of  sufBcient  s 
use  with  six  inch  gratings  would  be  very  expensive  and  clumsy  aflairs* 
In  thinking  over  what  would  happen  were  the  grating  ruled  on  a  sur- 
face not  flat,  I  thought  of  a  new  method  of  attacking  the  problem,  mi 
soon  found  that  if  the  lines  were  ruled  on  a  spherical  snrface  ifie 
spectrum  would  be  brought  to  a  focus  without  any  telescope.  Thi* 
discovery  of  concave  gratings  is  important  for  many  physical  invcfilip- 
tioDB,  such  as  the  photographing  of  the  spectrum  both  in  the  all* 
violet  and  the  ultra-red,  the  determination  of  the  heating  effect  of  tb* 
different  rays,  and  the  determination  of  the  relative  wave  length*" 
the  lines  of  the  spectrum.  Furthermore  it  reduces  the  spectroscopew 
its  simplest  proportions,  so  that  spectroscopes  of  the  highest  porram 
be  made  at  a  cost  which  can  place  them  in  the  hands  of  all  ot» 
With  one  of  my  new  concave  gratings  I  have  been  able  to  detect  4 
lines  in  the  spectrum  which  were  never  before  seen. 

The  laws  of  the  concave  grating  are  very  beautiful  on  account  of  tl 
simplicity,  especially  in  the  case  where  it  will  be  used  most.  Dra»tB 
radius  of  curvature  of  the  mirror  to  the  centre  of  the  mirror,  and  ft 
its  central  point  with  a  radius  equal  to  half  the  radius  of  eumtW 
draw  a  circle;  this  circle  thus  passes  tlirough  the  centre  of  c 
of  the  mirror  and  touches  the  mirror  at  its  centre.  Now  if  the  « 
of  light  is  anj-where  in  this  circle,  the  image  of  this  source  and  i 
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different  orders  of  the  spectra  are  all  brought  to  focus  on  this  circle. 
The  word  focus  is  hardly  applicable  to  the  ease,  however,  for  if  the 
source  of  light  is  a  point  the  light  is  not  brought  to  a  single  point  on 
the  circle  but  is  drawn  out  into  a  straight  line  with  its  length  parallel 
to  the  axis  of  the  circle.  Aa  the  object  is  to  ace  lines  in  the  spectrum 
only,  this  fact  is  of  little  consequence  provided  the  slit  which  is  the 
source  of  light  is  parallel  to  the  axis  of  the  circle.  Indeed  it  adds  to 
the  beauty  of  the  spectra,  as  the  horizontal  lines  due  to  dust  in  the  slit 
are  never  present,  as  the  dust  has  a  different  focal  length  from  the  lines 
of  the  spectrum.  This  action  of  the  concave  grating,  however,  some- 
what impairs  the  light,  especially  of  the  higher  orders,  but  the  intro- 
duction of  a  cylindrical  lens  greatly  obviates  this  inconvenience. 

The  beautiful  simplicity  of  the  fact  that  the  line  of  foci  of  the  dif- 
ferent orders  of  the  spectra  are  on  the  circle  described  above  leads 
immediately  to  a  mechanical  contrivance  by  which  we  can  move  from 
one  spectrum  to  the  next  and  yet  have  the  apparatus  always  in  focus; 
for  we  only  have  to  attach  the  slit,  the  eye-piece  and  the  grating  to  three 
arms  of  equal  length,  which  are  pivoted  together  at  their  other  ends 
and  the  conditions  are  satisfied.  However  we  move  the  three  arms  the 
epectra  are  always  in  focus.  The  most  interesting  case  of  this  contriv- 
ance is  when  the  bars  carrying  the  eye-piece  and  grating  are  attached 
end  to  end,  thus  forming  a  diameter  of  the  circle  with  the  eye-piece  at 
the  centre  of  curvature  of  the  mirror,  and  the  rod  carrying  the  slit 
alone  movable.  In  this  case  the  spectrum  as  viewed  by  the  eye-piece 
is  normal,  and  when  a  micrometer  is  used  the  value  of  a  division  of  its 
head  in  wave-lengths  does  not  depend  on  the  position  of  the  slit,  but 
is  simply  proportional  to  the  order  of  the  spectrum,  so  that  it  need  be 
determined  once  only.  Furthermore,  if  the  eye-piece  is  replaced  by  a 
photographic  camera  the  photographic  spectrum  is  a  normal  one.  The 
mechanical  means  of  keeping  the  focus  is  especially  important  when 
investigating  the  ultra-violet  and  ultra-red  portions  of  the  aolar 
spectrum. 

Another  important  property  of  the  concave  grating  is  that  all  the 
superimposed  spectra  are  in  exactly  the  same  focus.  When  viewing 
such  superimposed  spectra  it  is  a  most  beautiful  sight  to  see  the  lines 
appear  colored  on  a  nearly  white  ground.  By  micrometric  meafurement 
i>f  such  superimposed  spectra  we  have  a  most  beautiful  method  of 
determining  the  relative  wave  lengths  of  the  different  portions  of  the 
spectrum,  which  far  exceeds  in  accuracy  any  other  method  yet  devised. 
In  working  in  the  ultra-violet  or  ultra-red  portions  of  the  epectrum  we 
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can  also  focus  on  the  superimposed  spectrum  and  ao  get  the  focue  for 
the  portion  experimented  on. 

The  fact  that  the  light  has  to  pass  through  do  glass  in  the  concave 
grating  makes  it  important  in  the  examination  of  the  extremities  of 
the  spectrum  where  the  glass  might  absorh  very  much. 

There  is  one  important  research  in  which  the  concave  grating  in  its 
present  form  does  not  seem  to  be  of  much  use,  and  that  is  in  the  exami- 
nation of  the  solar  protuberances;  an  instrument  can  only  be  used  for 
this  purpose  in  which  the  dust  in  the  slit  and  the  lines  of  the  spectrum 
are  in  focus  at  once.  It  might  be  possible  to  introduce  a  cylindrical 
lens  in  such  a  way  as  to  obviate  this  difficulty.  But  for  other  work  on 
the  sun  the  concave  grating  will  he  found  very  useful.  But  its  principal 
use  will  be  to  get  the  relative  wave  lengths  of  the  lines  of  the  spectrum, 
and  so  to  map  the  spectrum;  to  divide  lines  of  the  spectrum  which  are 
very  near  together,  and  so  to  see  as  much  as  possible  of  the  spectrum; 
to  photograph  the  spectrum  so  that  it  shall  be  normal;  to  investigate 
the  portions  of  the  spectrum  beyond  the  range  of  rision;  and  lastly  to 
put  in  the  hands  of  any  physicist  at  a  moderate  cost  such  a  powerful 
instrument  as  could  only  hitherto  be  purchased  by  wealthy  individuals 
or  institutions. 

To  give  further  information  of  what  can  be  done  in  the  way  of  grat- 
ings I  will  state  the  following  particulars: 

The  dividing  engine  can  rule  a  space  6i  inches  long  and  4^  inches 
wide.  The  lines,  which  can  be  4^  inches  long,  do  not  depart  from  a 
strnight  line  so  much  as  i  aimns  inch,  and  the  carriage  moves  forward  in 
an  equally  straight  line.  The  screw  is  practically  perfect  and  has  been 
tested  to  tWotti  ^^^^  without  showing  error.  Neither  does  it  have  any 
appreciable  periodic  error,  and  the  periodic  error  due  to  the  mounting 
and  graduated  head  can  be  entirely  eliminated  by  a  suitable  attachment. 
For  showing  the  production  of  ghosts  by  a  periodic  error,  such  an  error 
can  be  introduced  to  any  reasonable  amount.  Every  grating  made  by 
the  machine  is  a  good  one,  dividing  the  1474  line  with  ease,  but  some 
are  better  than  others.  Rutherfurd's  machine  only  made  one  in  every 
four  good,  and  only  one  in  a  long  time  which  might  be  called  first-class. 
One  division  of  the  head  of  the  screw  makes  14,438  lines  to  the  inch. 
Any  fraction  of  this  number  in  which  the  numerator  is  not  greater 
than  say  20  or  30  can  be  ruled.  Some  exact  numbers  to  the  millimetre, 
such  as  400,  800,  1200,  etc.,  can  also  be  ruled.  For  the  finest  definition 
either  14,438  or  28,876  Hues  to  the  inch  are  recommended,  the  first  for 
ordinary  u^e  and   the  second   for  examining  the  extremities  of   the 
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K;iruni.     Extremely  brilliant  gratings  have  been  made  with  43,314 
tlines  to  the  inch,  and  there  is  little  diificulty  in  ruling  more  if  deBired. 
"he  following  show  some  results  obtained: 
Flat  grating,  1  inch  square,  43,000  lines  to  the  inch.     Divides  the 
|14T4  line  in  the  first  spectrum. 

Fiat  grating,  2X3  inches,  14,438  lines  to  the  inch,  total  43,314. 
Divides  1474  in  the  first  spectrum,  the  E  line  (Angstrom  5269-4)  in 
■tbe  second  and  is  good  in  the  fourth  and  even  fifth  spectrum. 

Flat  grating,  3X3  inches,  1200  lines  to  one  millimetre.     Shows  very 
many  more  lines  in  the  B  and  A  groups  than  were  ever  before  seen. 
Flat  grating,  2  X  3i  inches,  14,438  lines  to  the  inch.     This  has  most 
IvoDderful  brilliancy  in  one  of  the  first  spectra,  so  that  I  have  seen 
7  the  5r  line,  wave-length  8340  (see  Ahne/s  map  of  the  ultra-rofl  region), 
I   md  determined  its  wave-length  roughly,  and  have  seen  much  further 
Mav  the  A  line  than  the  B  line  is  above  the  A  line.     The  same  may 
!»  said  of  the  riolet  end  of  the  spectrum.     But  such  gratings  are  only 
obtained  by  aceident. 
Concave  grating,  3X3  inches,  7  feet  radius  of  curvature,  4818  lines 
I  to  the  inch.     The  coincidences  of  the  spectra  can  be  observed  to  the 
1  tonth  or  twelfth  spectrum. 

Concave  grating,  2X3  inches,  14,438  lines  to  the  inch,  radius  of  cur- 
Ititure  8  feet.  Divides  the  1474  tine  in  the  first  spectrum,  the  E  line 
I'Btbe  second,  and  is  good  in  the  third  or  fourth. 

Concave  grating,  3  X  5J  inches,  17  feet  radius  of  curvature,  28,876 
» to  the  inch,  and  thus  nearly  160,000  lines  in  all.  This  shows 
«  in  the  first  spectrum  than  was  ever  seen  before.  Divides  1474 
lis  very  widely  and  shows  the  stronger  component  of  Angstrom  5275 
Second  spectrum  not  tried. 
E'Ccincave  grating,  4  X  5f  inches,  3610  lines  to  the  inch,  radius  of  cur- 
fare  5  feet  4  inches.  This  grating  was  made  for  Professor  Langle/s 
Timents  on  the  ultra-red  portion  of  the  spectrum,  and  was  thus 
•  very  bright  in  the  first  spectrum.  The  definition  seems  to  be 
Y  fine  notwithstanding  the  short  focus  and  divides  the  1474  line  with 
'.  But  it  is  difficult  to  rule  so  concave  a  grating  as  the  diamond 
ks  differently  on  the  diiferent  parts  of  the  plate. 
>eBe  give  illustraliors  of  the  results  accomplished,  but  of  course 
'  other  eiperimenta  have  been  made.  I  have  not  yet  been  able  to 
e  whether  the  definition  of  the  concave  grating  fully  comes  up  to 
Btrf  »  fl*t  grating,  but  it  evidently  does  ao  very  nearly. 
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General  Thboht 

Having  recently  completed  a  very  successful  macliine  for  ruli 
gratings,  my  attention  was  naturally  called  to  the  effect  of  irregulsrit 
in  the  form  and  position  of  the  lines  and  the  form  of  the  surface  M 
the  definition  of  tlie  grating.  Mr.  C,  S.  Peirce  hae  recently  Eho<ni,  ii 
the  American  Journal  of  Mathematics,  that  a  periodic  error  in  ti 
rilling  produces  what  have  been  called  ghosts  in  the  spectrum.  Al  f 
I  attempted  to  calculate  ihe  effect  of  other  irregularities  by  the "! 
nary  method  of  integration,  but  the  results  obtained  were  not  comma 
surate  with  the  labor.  1  then  sought  for  a  simpler  method.  Guideii  I 
the  fact  that  inverse  methods  in  electrical  distribution  are  » 
than  direct  methods,  I  soon  found  an  inverse  method  for  use  : 
problem. 

In  the  use  of  the  grating  in  most  ordinary  spectroscopes,  the  td 
scopes  are  fixed  together  as  nearly  parallel  as  possible,  and  the  grstii 
turned  around  a  vertical  axis  to  bring  the  different  spectra  into  i 
field  of  view.  The  rays  striking  on  the  grating  are  nearly  parslll 
but  for  the  sake  of  generality  I  shall  assume  that  they  radiate  froM 
point  in  space  and  shall  investigate  the  proper  ruling  of  the  % 
to  bring  the  rays  back  to  the  point  from  which  they  started.  The  w 
fronts  will  be  a  series  of  spherical  shells  at  equal  distances  apart. 

■Ad  abttr&ct  of  Ibis  papier  wltb   boidb  otbar  matter  was  given  it 
Soclet<r  of  Loodon  In  November  last,  the  paper  being  tii  m;  hand  Id  Itsprenntd 
kt  tbat  time.     As  I  witbed  to  miikG  some  additions,  for  nblch   I  bsye  n 
time,  I  did  not  tben  pabDeb  It.     I  was  mucb  surprised  soon  after  to  set 
on  tbiB  Bobject  wblcb  bad  been  prelcnted  to  tbe  Pbyslcnl  Socletj  and  wat  pabllf 
In  Ibe  PblloaopblKal  Magailne.     Tha  article  contaloi  notliing  more  tl 
lion  of  mj  remarks  al  the  Pbjiical  Boeletj  and  (ormnl*  dmilar  tr 
paper.     A*  I  have  not  before  Ibis  pnbllabed  anjtbin)!;  eicept  a  prEllmtn 
the  coDcave  gratings,  I  expected  a  little  time  to  work  ap  tbo  tnhject,  msId;  tli 
practlcsi  work  at  pbotograpbiog  tbe  spectrum  baa  recently  absorbed  all  ttjfl 
Bat  probably  I  have  waited  too  long. 
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these  waves  strike  on  a  reflecting  eurface,  they  will  be  reflected  back 
provided  they  can  do  so  all  in  the  same  phase.  A  sphere  around  the 
radiant  point  satisfies  the  condition  for  waves  of  a!l  lengths  and  thus 
gives  the  case  of  ordinary  reflection.  Let  any  surface  cut  the  wave 
surfaces  in  any  manner  and  let  ua  remove  those  portions  of  the  surface 
which  are  cut  by  the  wave  surfaces;  the  light  of  that  particular  wave- 
length can  then  be  reflected  back  along  the  same  path  in  the  same 
phase  and  thus,  by  the  above  principle,  a  portion  will  he  sent  back. 
But  the  solution  holds  for  only  one  wave-length  and  eo  white  light  will 
be  drawn  out  into  a  spectrum.  Hence  we  have  the  important  conclu- 
sion that  a  theoretically  perfect  grating  for  one  position  of  the  slit  and 
eye-piece  can  be  ruled  on  ant/  surface,  flat  or  otherwise.  This  is  an 
extremely  important  practical  conclusion  and  explains  many  facts  which 
have  been  observed  in  the  use  of  gratings.  For  we  see  that  errors  of 
the  dividing  engine  can  Ijc  counterbalanced  by  errors  in  the  flatness  of 
the  plate,  so  that  a  had  dividing  engine  may  now  and  then  make  a 
grating  which  is  good  in  one  spectrum  but  not  in  all.  And  so  we  often 
find  that  one  spectrum  is  better  than  another.  Furthermore  Professor 
Young  has  observed  that  be  could  often  improve  the  definition  of  a 
grating  by  slightly  bending  the  plate  on  which  it  was  ruled. 

From  the  above  theorem  we  see  that  if  a  plate  is  ruled  in  circles 
whose  radius  is  r  sin  ft  and  whose  distance  apart  is  Jr  /  sin  /i,  where  ^r 
is  constant,  then  the  ruling  will  be  appropriate  to  bring  the  spectrum 
to  a  focus  at  a  distance,  r,  and  angle  of  incidence,  ft.  Thus  we  should 
need  no  teleecopea  to  view  the  spectrum  in  that  particular  position  of 
the  grating.  Had  the  wave  surfaces  been  cylindrical  instead  of  spher- 
ical the  lines  would  have  been  straight  instead  of  circular,  but  at  the 
above  distances  apart.  In  this  case  the  spectrum  would  have  been 
brought  to  a  focus,  but  would  have  been  diffused  in  the  direction  of 
the  lines.  In  the  same  way  we  can  conclude  that  in  flat  gratings  any 
departure  from  a  straight  line  has  the  effect  of  causing  the  duat  in  the 
slit  and  the  spectrum  to  have  different  foci,  a  fact  sometimes  observed. 

We  also  see  that,  if  the  departure  from  equal  spaces  is  small,  or,  in 
other  words,  the  distance  r  ie  great,  the  lines  must  be  ruled  at  distances 
apart  represented  by 

V        r  sin  11  J 

in  order  to  bring  the  light  to  a  focus  at  the  angle  fi  and  distance  r,  c 
being  a  constant  and  x  the  distance  from  some  point  on  the  plate.     It 

/i  changes  sign,  then  r  must  change  in  sign.     Hcnee  we  see  that  the 


494 


Hekry  a.  Rowland 


effect  of  a  linear  error  in  the  spacing  is  to  make  the  focus  on  one  eii 
shorter  and  the  other  side  longer  than  the  normal  amount.  Profesaoj 
Peirce  has  measured  some  of  Mr.  Rutherford's  gratings  and  found  that 
the  spaces  increased  in  passing  along  the  grating,  and  he  also  found 
that  the  foci  of  symmetrical  spectra  were  different.  But  this  is  tlu 
first  attempt  to  connect  the  two.  The  definition  of  a  gniiing 
thus  be  very  good  even  when  the  error  of  run  of  the  screw  is  consider? 
able,  provided  it  is  linear- 

CONCAVE  Gbatino.'i 
Ijet  us  now  take  the  special  case  nf  lines  ruled  on  a  spherical  sni 
and  let  us  not  confine  ourselves  to  light  coming  back  to  the  tiame  pointy 
but  let  the  light  return  to  another  point.  Let  the  co-ordinalps  of  thi 
radiant  point  and  focal  point  be  y^O,  »:  =  —  a  and  y=^0,  t  -\-  a.  and 
let  the  centre  of  the  sphere  whose  radius  i^  />  be  at  x',  y'.  Let  r  he 
distance  from  the  radiaut  point  to  the  point  ar,  y,  and  let  R  be  that  fi 
the  focal  point  to  x,  y.  Let  us  then  write 
36  =  fi  +  re, 

where  t-  is  ef|iiaJ  to  ±  1  according  as  the  reflected  or  transmitted  laj  i| 
used.  Should  we  increase  b  by  equal  quantities  and  draw  the  ellipJ 
soids  or  hyperboloida  so  indicated,  we  could  use  these  surfaces  in  thsp 
same  way  as  the  wave  snrfaces  above.  The  intersections  of  the)*! 
surfacee  with  any  other  surface  form  what  are  known  as  niiygh-'ni'l 
zones.  By  actually  drawing  these  zones  on  the  surface,  we  form  ■  I 
grating  which  will  diffract  the  light  of  a  certain  wave-lengtii  to  tba  J 
given  focal  point.  For  the  particular  problem  in  hand,  we  need  oti^l 
work  in  the  plane  x,  y  for  the  present. 

Let  s  be  an  element  of  the  curve  of  intersection  of  the  given  snrfflM 
with  the  plane  x,  y.  Then  our  present  problem  is  to  find  the  width  (n 
lliiygliens'  zones  on  the  surface,  that  is  ds  in  terms  of  db. 

The  equation  of  the  circle  is 

(«—«')'  +  Cy -/)'  =  /'■ 
and  of  the  ellipse  or  hyperbola 

R  +  rc  =  36 
or  (b'~a^)3?  +  Sy  =  *•(&•— fl') 

in  which  i-  hns  disappeared. 

j:X 

(Itl  2  — X   ' 


.U=^a^^r^:     -r-  = 
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dit|(J»— a')  a;— i*y^=i^}  =  J  {ay  — («•  +  »•  +  «*)}  rfi, 

.      ds  _   .  2y  — (g'  +  y'  +  g') 

"IS      ^    (d'  —  a')(y—y')x  —  if'(x  —  af)y ' 

This  equation  gives  us  the  proper  distance  of  the  rulings  on  the  sur- 
face, and  if  we  could  get  a  dividing  engine  to  rule  according  to  this 
fonnnla  the  problem  of  bringing  the  spectrum  to  a  focus  without  tele- 
ecopes  would  be  solved.  But  an  ordinary  dividing  engine  rules  equal 
spaces  and  so  we  shall  further  investigate  the  question  whether  there 
is  any  part  of  the  circle  where  the  spaces  are  equal.     We  can  then  write 

ds  _  p 

And  the  differential  of  this  with  regard  to  an  arc  of  the  circle  must 
te  lero.    Differentiating  and  reducing  by  the  equations 

rf^  -  _  y—y[ .    db  __^       p 

Hy  "      ^^=^'    *3y  "■       C(x  —  af)' 
vehave 

+0(  (y  -  y')[(  J*-  «')(y-y)  -  J^^l-C^:  -  a/)[(^-  a*)x-l^  (a^-<^')] 

J  *tiB  more  simple  to  express  this  result  in  terms  of  fi,  r,  p  and  the 
f^^gles  between  them. 

Let  fit  be  the  angle  between  p  and  r,  and  v  that  between  p  and  R,    Let 

abo  put 


a  =  ^i=_^     and     e  =  ^i±^ 
2  2 


^  A  r  *^^  ^  *^^®^  represent  the  angles  made  by  r,  R  and  p  respec- 
tfdy  with  the  line  joining  the  source  of  light  and  focus,  and  let 


/5  +  r 
"0=  -a— 


hen  we  have 

BcoBT -^  ^^^i^ .    ^^__  i^siuT- -f  rein/J.    ^  _  r  cos  ff  —  iZ  cos  r 
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»  —  «■=£>' CM?., 


.•(«■-'""•» 


te  tgs  <  =  r  «H  >  —  J?  MS  • , 

M  TihinT  aad  R^adng,  ire  find 
■    _     tiir  eoa  a  coa  e 


la  «Mc*  -'■  ITTn  ■cTii  »)•■.  tr  the  iUtdlDg  engine  mla  la  Ite^W 
th«  ula  ».  tk«  ASKMOal  aC  tkte  wttk  ra^iMI  to  ji  mail  bt?  xcro.  B*t  ««■ 
t*»*  Ibe  rKr(|Tr««;  o(  iSi»  >)ikaellli  »&J  fc^  "e  can  write  for  lie  eq«*de«4J 

d      *tif+  r)  _ 


=  0. 
e*ai  «rile 

-'->'  +  .*-»')'  =  (»' 


'0(y— I/O 


=  0,     »  =  0,    y*  =  0,     t'  =  p, 
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('hence  the  focal  length  is 

_  pR  cobV 

~  'iR  COS  a  COS  <  —  p  C0&'  V  ' 

or  the  Iransmitted  beam,  change  the  sign  of  R.  Supposing  f>,  E  and  v 
to  remain  constant  and  r  and  /i  to  vary,  this  equation  will  then  give  the 
on  which  all  the  spectra  and  the  central  image  are  brought  to  a 
focus. 

By  far  the  most  interesting  case  is  obtained  by  making 
r  =  /icoe;i,    R  =  rcoiv, 
iince  these  values  satisfy  the  equation.     The  line  of  foci  is  then  a 
circle  with  a  radius  equal  to  one-half  /'.     Hence  if  a  source  of  light 


exists  on  this  circlCj  the  reflected  image  and  all  the  spectra  will  be 
brought  to  a  focus  on  the  same  circle.  Thus  if  we  attach  the  slit,  the 
eye-piece  and  the  grating  to  the  three  radii  of  the  circle,  however  we 
move  them,  we  shall  always  have  some  spectrum  in  the  focus  of  the 
eye-piece.  But  in  some  positions  the  line  of  foci  is  so  oblique  to  the 
direction  of  the  light  that  only  one  line  of  the  spectrum  can  be  seen 
well  at  any  one  time.  The  best  position  of  the  eye-piece  as  far  as  we 
consider  this  fact  is  thus  the  one  opposite  to  the  grating  and  at  its 
centre  of  curvature.  In  this  position  the  line  of  foci  is  perpendicular 
to  the  direction  of  the  light,  and  we  shall  show  presently  that  the 
Bpcctrum  is  normal  at  this  point  whatever  the  position  of  the  slit,  pro- 
Tided  it  is  on  the  circle. 

Fig.  1  represents  this  case;  A  is  the  slit,  C  is  the  eye-piece,  and  B  is 
the  grating  with  its  centre  of  curvature  at  C.  In  this  case  all  the  con- 
ditions are  satisfied  by  fixing  the  grating  and  eye-piece  to  the  bar  BC 
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whose  ends  rest  on  carriages  mo^'ing  oo  the  rails  AB  and  AC  at  rigW 
angles  to  each  other;  when  desired,  the  radius  AD  may  be  put  in  to  hoU 
everything  steady,  but  this  has  been  found  practically  unnecessary. 

The  proper  forraulje  for  this  case  are  as  follows:     If  ^  ia  the  wa 
length  and  w  the  distance  apart  of  the  lines  of  the  grating  from  eentf 
to  centre,  then  we  have 

J__  JJV_sin  > 
U       2w  'i    ' 

where  N  is  the  order  of  the  spectrum. 


\ow  in  the  giveu  case  /'  is  constant  and  so  Ni  is  proportional  to  thd 
line  AC.     Or,  for  any  given  spectrum,  the  wave-length  is  proportion! 
to  that  line. 

If  a  micrometer  is  fixed  at  C  we 


"V      2a  '' 


can  conHider  the  ca 
iiaiap  +ainv). 


If  D  is  the  distance  the  croas-hairs  of  the  micrometer  move  forward 
for  one  division  of  the  head,  we  can  write  for  the  point  C  _ 


nd  for  the  same  point  /*  i 


tvD 


But  this  is  independent  of  v  and  we  thus  arrive  at  the  important  fact 
that  the  value  of  a  division  of  the  micrometer  is  always  the  same  for 
the  same  spectrum  and  can  always  be  determined  with  sufficient  accu- 
racy from  the  dimensions  of  the  apparatus  and  number  of  lines  ou  the 
grating,  as  well  as  by  observation  of  tlie  spectrum. 

FnrtheTmore,  thii-  proves  that  the  spectrum  is  normal  at  this  point 
and  to  the  same  scale  in  the  same  spectrum.  Hence  we  have  only  to 
photograph  the  spectrum  to  obtain  the  normal  spectrum  and  a  centi- 
meter Tor  any  of  the  piiotofrniph^  alwnvs  represents  the  same  increase 
of  wave-length. 

It  is  to  be  sjiecially  noted  that  this  theorem  is  rigidly  true  whether 
the  adjustments  are  correct  or  not,  provided  only  that  the  micrometer 
is  on  the  line  drawn  perjwndicularly  fri)Tn  the  centre  of  the  grating,  even 
if  it  is  not  the  centre  of  curvature. 
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As  the  radiits  of  curvature  of  concave  gratings  is  usually  great,  the 
distance  through  which  the  spectrum  remains  practically  normal  is  very 
great.  In  the  instrument  which  I  principally  use,  the  radius  of  curva- 
turep,  is  about  21  feet  4  inches,  the  width  of  the  ruling  being  about  55 
Inches.  In  such  an  instrument  the  spectrum  thrown  on  a  flat  plate  is 
normal  within  about  1  part  in  1,000,000,  for  6  inches  and  less  than  1  in 
35,000,  for  18  inches.  Id  photographing  the  spectrum  on  a  flat  plate, 
the  definition  is  excellent  for  12  inches,  and  by  use  of  a  plate  bent  to  11 
feet  radius,  a  plate  of  20  inches  in  length  is  in  perfect  focus  and  the 
ipectnun  still  so  nearly  normal  as  to  have  its  error  neglected  for  most 
{nupoees. 

Another  important  property  of  the  concave  grating  is  that  all  the 
laperimposed  spectra  are  in  focua  at  the  same  point,  and  bo  by  micro- 
metric  measurements  the  relative  wave-lengths  are  readily  determined. 
Hence,  knowing  the  absolute  wave-length  of  one  line,  the  whole  apee- 
tnun  can  be  measured.  Professor  Peirce  has  determined  the  absolute 
WTe-length  of  one  line  with  great  care  and  I  am  now  measuring  the 
Minddences.  This  method  is  greatly  more  accurate  than  any  hitherto 
taonTi,  a^  by  a  mere  03'e  inspection,  the  relative  wave-length  can  nfteu 
I*  judged  to  1  part  in  20,000  and  with  a  micrometer  to  1  in  1,000,000. 
Agiin,  in  dealing  with  the  invisible  portion  of  the  spectrum,  the  focus 
B  be  obtained  by  examining  the  superimposed  spectrum.  Captain 
4iney,  by  using  a  concave  mirror  in  the  place  of  telescopes,  has  been 
prilled  to  use  this  method  for  obtaining  the  focus  in  photographing  the 
*  »  red  rays  of  the  spectrum.  It  is  also  to  be  noted  that  this  theorem 
[the  normal  spectrum  applies  also  to  the  flat  grating  used  with  tele- 
Ma  and  to  either  reflecting  or  transmitting  gratings;  but  in  these 
a  only  a  small  portion  of  the  spectrum  can  be  used,  as  no  lens  can 
made  perfectly  achromatic.  And  so,  as  the  distance  of  the  mierome- 
rliae  constantly  to  be  changed  when  one  passes  along  the  spectrum, 
canstant  does  not  remain  constant  but  varies  in  an  irregular  man- 
But  it  would  be  possible  to  fix  the  grating,  one  objective  and  the 
■TM  rigidly  on  a  bar,  and  then  foeuy  by  moving  the  slit  or  the  other 
itxre.  In  this  case  the  spectrum  would  be  rigidly  normal,  but 
l.probably  be  in  focus  for  only  a  small  length  and  the  adjustment 
V'fooiis  would  not  be  automatic. 
Kii  nothing  can  exceed  the  beauty  and  simplicity  of  the  concave  gra'- 
when  mounted  on  a  movable  bar  such  as  I  have  described  and  illus- 
k  in  Fig.  1.  Having  selected  the  grating  which  we  wish  to  t 
fit  in  its  plate-holder  and  put  the  proper  coUimating  eye-pieoB"! 


600 


HeSRT   A-    RoWLiSD 


in  place.  We  then  carefully  adjust  the  focuB  by  altering  the  lengtb  of 
D  until  the  cross-hairs  are  at  the  exact  centre  of  curvature  of  the  grat- 
ing. On  moving  the  har  the  whole  series  of  spectra  are  then  in  eiact 
focus,  and  the  value  of  a  division  of  the  micrometer  is  a  known  quan- 
tity for  that  particular  grating.  The  wooden  way  AC,  on  ffhicli  tlie 
carriage  moves,  is  graduated  to  equal  divisions  representing  «are- 
lengthe,  since  the  wave-length  is  proportional  to  the  distance  AC.  IVc 
can  thus  set  the  instrument  to  any  particular  wave-length  we  maj  fish 
to  study,  or  even  determine  the  wave-length  lo  at  least  one  part  in  fi« 
thousand  by  a  simple  reading.  By  having  a  variety  of  scales,  one  fir 
each  spectrum,  we  can  immediately  see  what  lines  are  superimposed  on 
each  other  and  identify  them  accordingly  when  we  are  measuring  thfir 
relative  wave-length.  On  now  replacing  the  eye-piece  by  a  eamera,  « 
are  in  a  position  to  photograph  the  spectrum  with  the  greatat  f«sft 
We  put  in  the  sensitive  plate,  either  wet  or  dry,  and  move  to  the  part 
we  wish  to  photograph;  having  esposed  for  that  part,  we  mo"  10 
another  part,  raise  the  plate  to  another  position  and  expose  once  mure. 
Wo  have  no  thought  for  the  focus,  for  that  remains  perfect,  but  simplj 
refer  to  the  table  giving  the  proper  exposure  for  that  portion  of  tht 
spectrum  and  so  have  a  perfect  plate.  Thns  we  can  photograph  tb* 
whole  spectrum  on  one  plate  in  a  few  minutes,  from  the  F  line  to  tb* 
eitreme  violet  in  several  strips,  each  20  inches  long.  Or  we  may  photo- 
graph to  the  red  rays  by  prolonged  exposure.  Thus  the  work  of  fls," 
with  any  other  apparatus  becomes  the  work  of  hours  with  this.  Fir  , 
thermore,  each  plate  is  to  scale,  an  inch  on  any  one  of  the  strips  reprt- 
senting  exactly  so  much  difference  of  wave-length-  The  scale  of  tin 
different  orders  of  spectra  are  exactly  proportional  to  the  order.  Of 
course  the  superposition  of  the  spectra  gives  the  relative  wave-iength- 
To  get  the  superposition,  of  course,  photography  is  the  best  method. 

Having  so  far  obtained  only  the  6rst  approximation  to  the  theory  of 
the  concave  grating,  let  us  now  proceed  to  a  second  one.  The  dividinj 
engine  rules  equal  spaces  along  the  chord  of  the  circular  arc  of  the  pi*- 
ing:  the  question  is  whether  any  other  kind  of  ruling  would  be  betM 
for  the  dividing  engine  is  so  constructed  that  one  might  readily  A 
it  to  rule  slightly  different  from  equal  spaces. 

The  condition  for  theoretical  perfection  is  that  C  shall  rem«n 
staut  for  all  portions  of  the  mirror.  I  shall  therefore  investigate 
nearly  this  is  true. 

Let  )!  be  the  radius  of  curvature  and  let  R  and  r  be  the  tree  d 
tancea  to  any  point  of  the  grating,  £«  and  ri>  being  the  distances  to  H 
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entre.  Let  (jl  and  v  be  the  general  values  of  the  angles  and  //q  &^d  v^ 
he  angles  referred  to  the  centre  of  the  mirror.     The  condition  is  that 

2 

-^  =  sm  At  +  sin  V 

hall  be  a  constant  for  all  parts  of  the  surface  of  the  grating.  Let  us 
bendevelope  sin/i  and  sin  v  in  terms  of  /io>  H  and  the  angle  d  between 
he  radii  drawn  to  the  centre  of  the  grating  and  to  the  point  under  con- 
ideration.  Let  9  be  the  angle  between  R  and  JS©.  Then  we  can  write 
ounediately 

/t>  sin  Ai  =  />  sin  /i^  cos  <5'  +  i?«  sin  d'  —  p  qo%  fi^  sin  ^, 

sin  fi  =  sin  At«  cos  ^  \  1  +  — ^ —  A  tan  ^  I , 

there  j ^      />  cos  ii^ 

^-^         IT, — 

SeTdoping  the  value  of  cos  ff  in  terms  of  d,  we  have 
<«l'=  00.  J  {  1+ -i  [1+ i^-]  3 

•As  the  cases  we  are  to  consider  are  those  where  A  is  small,  it  will  be 
•efficient  to  write 

Wbence  we  have 

[^■c.^(l+^--)-'-|-*(l+^(l+^))],.+  *o.} 

h  can  write  the  value  of  sin  v  from  symmetry.    But  we  have 

c\  do 

2-7-  =  sm  /x  -f  sm  V . 

as 

In  this  formula,  db  can  be  considered  as  a  constant  depending  on  the 
ife-length  of  light,  etc.,  and  ds  as  the  width  apart  of  the  lines  on  the 
tting.  The  dividing  engine  rules  lines  on  the  curved  surface  accord- 
\  to  the  formula 

2  -;-  =  cos  5  (sin  Ato+  sin  O. 
ds  \        •  / 

lot  this  is  the  second  approximation  to  the  true  theoretical  ruling. 
I  tbis  ruling  will  not  only  be  approximately  correct,  but  exact  when 


+ 
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all  the  terms  of  the  series  except  the  first  vanish.  In  the  case 
slit  and  focue  are  on  the  circle  of  radius  \p,  as  in  the  automatic  amnge- 
ment  described  above,  we  have  .-1  =;  0  and  the  second  and  third  lerme  at 
the  series  disappear,  and  we  can  write  since  we  hai 
R, 


:  coa'J(ain,",+  sin 


=  coa/i.   and    — i  =ooa>',, 

\ll—  I  sin  /'„  tan  /'.  +  ain  y,  tan 
\  ain  //,  +  ain  v. 


Bnt  in  the  automatic  arrangement  we  also  have 
formula  becomes 


■)• 

0,  and  80  tlie 


■^-f-  =  COB  fJ  (sin /.„  +  8in^,))l  — Jtan/v''  +  &0'i- 

To  find  the  greatest  departure  from  theoretical  perfection,  d  mi^' 
refer  to  the  edge  of  the  grating.  In  the  gratings  which  I  am  aov  out- 
ing, p  is  ahout  260  inches  and  the  width  of  the  grating  about  54  inclif& 
Hence  s  =  ^-j^  approximately  and  the  aeries  becomes 


-100 


1- 


1 


a^Ooo.uoi)        °  ■ 

Hence  the  greatest  departure  from  the  theoretical  ruling,  cven'twiii 
tan  /y,=  2,  is  1  in  1,000,000.  Now  the  distance  apart  of  the  compon* 
enta  of  the  1474  line  is  somewhat  nearly  one  forty- thousandth  of  ^ 
wave-length  and  I  scarcely  suppose  tliat  any  line  has  been  divided  bj 
the  best  spectroscope  in  the  world  whose  components  are  less  than  M 
third  of  this  distance  apart.  Hence  we  see  that  the  departure  of  tt 
ruling  from  theoretical  perfection  is  of  little  consequence  until  *l  i 
able  to  divide  lines  twenty  times  as  fine  as  the  1474  line.  Even  it  tl 
case,  since  the  error  of  ruling  varies  as  iJ",  the  greater  portion  of  tl 
grating  would  he  ruled  correctly. 

The  question  now  comes  up  as  to  whether  there  is  any  limit  to  t 
resolving  power  of  a  spectroscope.  This  evidently  depends  upon  ( 
magnifying  power  and  the  apparent  width  of  the  lines.  The  magiD 
ing  power  can  be  varied  at  pleasure  and  so  we  have  only  to  consider  1 
width  of  the  lines  of  the  spectrum.  The  width  of  the  lines  eviden 
depends,  in  a  perfect  grating,  upon  three  circumstances,  the  width 
the  slit,  the  number  of  lines  in  the  grating  and  the  trut  pki/sieal  wi 
of  the  line.  The  width  of  the  slit  can  be  varied  at  pleasure,  the  no 
of  lines  on  the  grating  can  be  made  very  great  (160,000  in  one  of  a 
and  hence  wo  are  only  limited  by  the  true  physical  widt^i  of  the  Hb 
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We  have  numerous  cases  of  wide  lines,  such  as  the  C  line,  the  compon- 
ents of  the  B'  and  TI  lines  and  numerous  others  which  are  |)erfect!y 
fanuliar  to  every  spectroscopist.  Hence  we  are  free  to  suppose  that  all 
lines  have  some  physical  width,  and  we  are  limited  by  that  width  in  the 
resolving  power  of  our  spectroscope.  Indeed,  from  a  theoretical  stand- 
point, we  should  suppose  this  to  be  true:  for  the  molecules  only  vibrate 
freely  while  swinging  through  their  free  path  and  in  order  to  have  the 
physical  width  one  one-hnndred-thouaandth  of  the  wave-length,  the 
molecule  must  make  somewhat  nearly  one  hundred  thousajid  vibrations 
in  ita  free  path:  hut  this  would  require  a  free  path  of  about  ^^^^,^^^7 
inch!  Hence  it  would  be  only  the  outermost  solar  atmosphere  that  could- 
produce  such  fine  lines  and  we  could  hardly  expect  to  see  much  finer 
ones  in  the  solar  sijectnmi.  Again'  it  is  found  impossible  to  obtain 
interference  between  two  rays  whose  po-ths  differ  by  much  more  than 
50.000  wave-lengths. 

AH  the  methods  of  determining  t*he  limits  seem  to  point  to  about  the 
150,000lh  of  tlie  wave-length  as  the  smallest  distance  at  which  the  two 
lines  can  he  separated  in  the  solar  spectrum  by  even  a  spectroacope  of 
infinite  power.  As  we  can  now  nearly  approach  this  limit  I  am  strongly 
of  the  opinion  that  we  have  nearly  reached  the  limit  of  resolving  power, 
and  that  we  can  never  hope  to  see  very  many  more  lines  in  the  spectrum 
than  can  be  seen  at  present,  either  by  means  of  prisms  or  gratings. 

It  is  not  to  be  supposed,  however,  that  the  average  wave-lengtli  of  the 
line  is  not  more  definite  than  this,  for  we  can  easily  point  the  cross- 
hairs to  the  centre  of  the  line  to  perhajja  1  in  1,000,000  of  the  wave- 
length. The  most  exact  method  of  detecting  the  coincidences  of  a  line 
of  metal  with  one  in  the  solar  spectrum  would  thus  be  to  take  micro- 
metric  measurements  Srst  on  one  and  then  on  the  other;  but  I  suppose 
it  would  take  several  readings  to  make  the  determinatioD  to  1  in 
1.000,000. 

Since  writing  the  above  I  have  greatly  improved  my  apparatus  and 
can  now  photograph  150  lines  between  the  H  and  K  lines,  including 
many  whose  wave-length  does  not  differ  more  than  1  in  about  80,000. 
I  have  also  photographed  the  1474  and  6,  and  6,,  widely  double,  and  also 
E  just  perceptibly  double.  With  the  eye  much  more  can  be  seen,  but 
I  must  nay  that  I  have  not  yet  seen  many  signs  of  reaching  a  limit.   The 
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lines  yet  appear  as  fine  and  ebarp  as  with  a  lower  power.  If  my  grai- 
ing  is  assumed  to  be  perfect,  in  the  third  spectrum  I  shonld  be  able  to 
divide  lines  whose  wave-lengths  differed,  in  about  150,000,  though  not 
to  photograph  them. 

The  E  line  haa  components,  about  n^ijth  of  the  wave-length  apart. 
I  lielieve  I  can  resolve  bnes  much  closer  than  this,  say  1  in  100.000  at 
least.     Hence  the  idea  of  a  liniit  hae  not  yet  been  proved. 

However,  as  some  of  Oie  lines  of  the  speetnim  are  much  wider  ihan 
others  we  should  not  expect  any  definite  limit,  but  a  gradual  falling  off 
Ha  we  increase  our  power.  At  first,  in  the  short  wave-lengths  at  least, 
the  number  of  lines  is  nearly  proportional  to  the  resolving  power,  but 
this  law  ahonld  fail  as  we  approach  the  limit. 


ON  ME.  GLAZEBROOK'S  PAPER  ON  THE  ABERRATION  OF 
CONCAVE  GRATINGS 


(an  Journal  of  SdeuM  [3),  XX  VI.  214,  1 883  ;  Fhllotophical  .Vagat 
XVI,  310,  18881 
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In  the  June  number  of  the  PhUoeophical  Magazine,  Mr.  R.  T.  Glaze- 
brook  has  considered  the  aberration  of  the  concave  grating  and  arrives 
at  the  conclusion  that  the  ones  which  I  have  hitherto  made  are  too 
wide  for  their  radius  of  ciinftlure.  As  I  had  piiblished  nothing;  but  a 
preliminarj-  notice  of  the  grating  at  that  time,  Mr.  Glazebrook  had  not 
theu  seen  my  paper  on  the  subject,  of  which  I  gave  an  abstract  at  the 
London  Physical  Society  in  November  last.  In  this  paper  I  amve  at 
the  conclusion  that  there  is  practically  no  aberration  and  that  in  this 
respect  there  is  nothing  further  to  be  desired. 

The  reason  of  this  discrepancy  is  not  far  to  seek.  Mr.  Glazebrook 
assumes  that  the  spaces  are  equal  on  the  arc  of  the  circle.  But  I  do 
not  rule  them  in  this  manner;  but  the  equal  spaces  are  equal  along 
the  chord  of  the  arc.     Again,  the  surface  is  not  cylindrical,  but  spherical. 

These  two  errors  entirely  destroy  the  value  of  the  paper  as  far  as  my 
gratings  are  concerned,  for  it  only  applies  to  a  theoretical  grating,  ruled 
in  an  entirely  different  manner  from  my  own,  and  on  a  different  form 
of  surface. 

I  am  very  much  surprised  to  see  the  method  given  near  the  end  of 
the  paper  for  constructing  a  pi  ana  tic  gratings  on  any  surface,  for  this 
IS  the  method  by  which  I  discovered  the  concave  grating  originally,  and 
the  figure  is  the  same  as  I  put  on  the  blackboard  at  the  meeting  of  the 
Physical  Society  in  November  last.  I  say  I  am  surprised,  for  Mr.  Glaze- 
brook's  paper  was  read  at  the  Physical  Society,  where  I  had  given  the 
same  method  a  few  months  before,  and  yet  it  passed  without  comment. 
Indeed,  I  have  given  the  same  method  many  times  at  various  scientific 
societies  of  my  own  country.  However,  as  Mr.  Glazebrook  was  not 
present  at  the  meeting  referred  to,  he  is  entirely  without  blame  in  the 
matter. 


[Eneyclopefdia  BrltaunU-a,  Sinlh  BditioH,    Foluiiu  XXI\ 

The  screw  is  the  simplest  instrument  for  converting  a  uniform  motion 
of  rotation  into  a  uniform  motion  of  translation  (see  '  Mechanics,'  toL 
XV,  p.  754).  Metal  screws  requiring  no  special  accuracy  are  generally  cut 
by  taps  and  dies.  A  tap  is  a  cylindrical  piece  of  steel  having  a  eerew 
on  its  exterior  with  sharp  cutting  edges ;  by  forcing  this  with  a  revolv- 
ing motion  into  a  hole  of  the  proper  size,  a  screw  is  cut  on  its  interior 
forming  what  is  known  as  a  nut  or  female  screw.  The  die  is  a  nut  with 
sharp  ciitting  edges  used  to  screw  upon  the  outaide  of  round  pieces  of 
metal  and  thus  produce  male  screws.  More  accurate  screws  are  cut  in 
a  lathe  by  causing  the  carriage  carrying  the  tool  to  move  uniformly  for- 
ward, thus  a  continuous  spiral  line  is  cut  on  the  uniformly  revolving 
cylinder  tLsed  hetweeu  the  lathe  centres.  The  cutting  tool  may  be  an 
ordinary  form  of  lathe  tool  or  a  revolving  saw-like  disk  (see  '  Machine 
Tools,'  vol.  XT,  p.  153). 

Errors  of  Screws. — For  scientific  purposes  the  screw  must  be  so  regu- 
lar that  it  inovefi  forward  in  its  nut  exactly  the  same  distance  for  each 
given  angular  rotation  around  its  axis.  As  the  mountings  of  a  screw 
introduce  mnny  errors,  the  final  and  exact  test  of  its  aecurary  can  only 
be  made  when  it  is  finished  and  set  up  for  use.  A  large  screw  can,  how- 
ever, be  roughly  examined  in  Ihc  following  manner:  (1)  See  whether 
the  surface  of  the  threads  has  a  perfect  polish.  The  more  it  departs 
from  this,  and  approaches  the  rough,  torn  surface  as  cut  by  the  lathe 
tool,  the  worse  it  is.  A  perfect  screw  has  a  perfect  polish.  (2)  Mount 
upon  it  between  the  centres  of  a  lathe  aud  the  slip  a  short  nut  which 
fits  perfectly.  If  the  nut  moves  from  end  to  end  with  equal  friction, 
the  screw  is  uniform  in  diameter.  If  the  nut  is  long,  unequal  resist- 
ance may  be  due  to  either  an  error  of  run  or  a  bend  in  the  screw. 
(.T)  Fix  a  microscope  on  the  lathe  carriage  and  focus  its  single  crot^s- 
hair  on  the  edge  of  the  screw  and  parallel  to  its  axis.  If  the  screw  runs 
true  at  every  point,  its  axis  is  sfraight.  (4)  Observe  whether  the  short 
nut  runs  from  end  to  end  of  the  Kcrew  without  a  wabbling  motion  wlvn 
Ibe  screw  is  turned  and  the  nut  kept  from  revolving.     If  it  wabbles  the 
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screw  iB  said  to  be  drunk.  Uue  can  see  this  error  better  by  fixing  a 
long  pointer  to  the  nut,  or  by  attachiug  lo  it  a  mirror  and  observing  ao 
image  in  it  with  a  telescope.  The  following  expeFiment  will  also  detect 
thie  error:  (5)  Put  upon  the  screw  two  well-fitting  and  rather  short 
nuts,  which  are  iiept  from  revolving  by  arms  bearing  against  a  straight 
edge  parallel  to  the  axis  of  the  screw.  Let  one  nut  carry  an  arm  which 
supports  a  microscope  focused  on  a  line  ruled  on  tlie  other  nut.  Screw 
this  combination  to  different  parts  of  the  screw.  If  during  one  revolu- 
tion the  microscope  remains  in  focus,  the  screw  is  not  drunk;  and  if 
the  cross-hairs  bisect  the  lines  in  every  position,  there  is  no  error  of 


Makinij  Accurate  Screws. — To  produce  a  screw  of  a  foot  or  even  a 
yard  long  with  errors  not  exceeding  TuVotb  of  on  inch  is  not  difficult. 
Prof.  Wm.  A.  Sogers,  of  Harvard  ObBcrvatory,  has  invented  a  process 
in  which  the  tool  of  the  lathe  while  cutting  the  screw  is  moved  so  as  to 
counteract  the  errors  of  the  lathe  screw.  The  screw  is  then  partly 
ground  to  get  rid  of  local  errors.  But,  where  the  highest  accuracy  is 
needed,  we  must  resort  in  the  case  of  screws,  as  in  all  other  cases,  to 
grinding,  A  long,  solid  nut,  tightly  fitting  the  screw  in  one  poaitionj 
cannot  be  moved  freely  to  another  position  unless  the  screw  is  very  accu- 
rate. If  grinding  material  is  applied  and  the  nut  is  constantly  tight- 
ened, it  will  grind  out  all  errors  of  run,  drunkenness,  crookedness,  and 
irregularity  of  size.  The  condition  ia  that  the  nut  must  be  long,  rigid 
and  capable  of  being  tightened  as  the  grinding  proceeds;  also  the  screw 
must  be  ground  longer  than  it  will  finally  be  needed  so  that  the  imper- 
fect ends  may  be  removed. 

The  following  process  will  produce  a  screw  suitable  for  ruling  grat- 
ings for  optical  purposes.  Suppose  it  is  our  purpose  lo  produce  a  screw 
which  is  finally  to  be  9  inches  long,  not  including  bearings,  and  1|  in. 
in  diameter.  Select  a  bar  of  soft  Bessemer  steel,  which  has  not  the 
hard  spots  usually  found  in  cast  steel,  and  about  t?  inches  in  diameter 
and  30  long.  Put  it  between  lathe  centres  and  turn  it  down  to  one 
inch  diameter  everywhere,  except  about  12  inches  in  the  centre,  when? 
it  is  left  a  little  over  IJ  inches  in  diameter  for  cutting  the  screw.  Now 
cut  the  screw  with  a  triangular  thread  a  little  sharper  Ihan  (51)°.  Above 
all.  avoid  a  fine  screw,  using  about  20  threads  to  the  inch. 

The  grinding  nut.  about  11  inches  long,  has  now  to  be  made.  Fig.  1 
represents  a  section  of  the  nut,  which  is  made  of  brass,  or  better,  of 
Bessemer  steel.  It  consists  of  four  segments. — a,  a,  which  can  be  drawn 
about  the  screw  by  two  collars,  b,  h,  and  the  screw  r.     Wedges  between 
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the  segments  prevent  too  great  pressure  on  the  screw.  The  final  clatni* 
ing  is  effected  by  the  rings  and  screws,  d,  d,  which  enclose  the  flangea,  e, 
of  the  segments.  The  screw  is  now  placed  in  a  lathe  and  surrounded 
by  water  whose  temperature  can  be  kept  constant  to  1°  C,  and  the  nut 
placed  on  it.  In  order  that  the  weight  of  the  nut  may  not  make  the 
ends  too  small,  it  must  either  be  cotmterbalanced  by  weights  hung  from 
a  rope  passing  over  pulleys  in  the  ceiling,  or  the  screw  must  be  vertical 
during  the  whole  process.  Emery  and  oil  seem  to  be  the  only  available 
grinding  materials,  though  a  softer  silica  powder  might  be  used  towards 
the  end  of  the  operation  to  clean  off  the  emery  and  prevent  future  wear. 
Now  grind  the  screw  in  the  nut,  making  the  nut  pass  backwards  and 
forwards  over  the  screw,  its  whole  range  being  nearly  20  inches  at  first. 


Tuni  the  nut  end  for  end  every  ten  minutes  and  continue  for  two  weeks, 
finally  making  the  range  of  the  nut  only  about  10  inches,  using  finer 
washed  emery  and  moving  ihe  lathe  slower  to  avoid  heating.  Finish 
with  a  fine  silica  powder  or  rouge.  During  the  process,  if  the  thread 
bc-cdiuos  too  blunt,  reeut  tlic  nut  by  a  short  tap  so  as  not  to  change  the 
pitch  at  any  point.  This  must,  of  course,  not  be  done  less  than  five 
days  before  the  finish.  Now  cut  to  the  proper  length;  centre  again  in 
the  lathe  under  a  microscope,  and  turn  the  bearings.  A  screw  so  ground 
has  less  errors  than  from  any  other  system  of  mounting.  The  periodic 
error  especially  will  be  too  smnll  to  be  discovered,  though  the  mountings 
and  graduation  and  centering  of  the  bead  will  introduce  it:  it  must 
therefore  finally  be  corrected. 

Moiiiilinff  of  Screws. — The  nioimtiug  must  be  devised  most  carefully, 
and  is,  indeed,  more  diiTicult  to  make  without  error  than  the  screw  itself. 
The  principle  which  jshould  be  adopted  is  that  no  workmanship  is  per- 
fect;  the  design  must  niiike  up  for  its  imperfections.     Thus  the  screw 
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1  never  oe  maaeTo  run  true  on  ils  bearings,  and  hence  the  device  of 
resting  one  end  of  the  carriage  on  the  nut  must  be  rejected.  Also  all 
rigid  connection  between  the  nut  and  the  carriage  must  he  avoided,  as 
the  screw  can  never  be  adjusted  parallel  to  the  ways  on  which  the  car- 
riage rests.  For  many  purposes,  such  as  ruling  optical  gratings,  the 
carriage  must  move  accurately  forward  in  a  straight  line  as  far  as  the 
horizontal  plane  is  concerned,  while  a  little  curvature  in  the  vertical 
plane  produces  very  little  effect.  These  conditions  can  be  satisfied 
by  maJcing  the  ways  V-ahaped  and  grinding  with  a  grinder  aoine- 
what  shorter  than  the  ways.  By  constant  roverBals  and  by  lengthen- 
ing or  shortening  the  stroke,  they  will  finally  become  nearly  per- 
fect. The  vertical  curvature  can  be  sufficiently  tested  by  a  short  car- 
riage carrying  a  delicate  spirit  level.  Another  and  very  efficient  form 
of  ways  is  V-shaped  with  a  flat  top  and  nearly  vertical  sides.  The 
carriage  rests  on  the  flat  top  and  is  held  by  springs  against  one  of  the 
nearly  vertical  sides.  To  determine  with  accuracy  whether  the  ways 
are  straight,  fix  a  flat  piece  of  glass  on  the  cajriage  and  rule  a  line  on 
it  by  moving  it  under  a  diamond ;  reverse  and  rule  another  line  near  the 
first,  and  measure  the  distance  apart  at  the  centre  and  at  the  two  ends 
by  a  micrometer.  If  the  centre  measurement  is  equal  to  the  mean  of  the 
two  end  ones,  the  line  is  straight.  This  is  better  than  the  method  with 
a  mirror  mounted  on  the  carriage  and  a  telescope.  The  screw  itself 
must  rest  in  bearings,  and  the  end  motion  he  prevented  by  a  point  bear- 
ing against  its  fiat  end,  which  is  protected  by  hardened  steel  or  a  flat 
diamond,  Collar  hearings  introduce  periodic  errors.  The  secret  of 
success  is  so  to  design  the  nut  and  its  connections  as  to  cllmiuatc  all 
adjustments  of  the  screw  and  indeed  all  imperfect  workmanship.  The 
connection  must  also  be  such  as  to  give  means  of  correcting  any  residual 
periodic  errors  or  errors  of  run  which  may  be  introduced  in  the  mount- 
ings or  by  the  wear  of  the  machine. 

The  nut  is  shown  in  Fig  2.  It  is  made  in  two  halves,  of  wrought  iron 
filled  with  boxwood  or  lignum  vitae  plugs,  on  which  the  screw  is  cut. 
To  each  half  a  long  piece  of  sheet  steel  is  fixed  which  bears  against  a 
guiding  edge,  to  be  described  presently.  The  two  halves  are  held  to  the 
screw  by  springs,  so  that  each  moves  forward  almost  independently  of 
the  other.  To  join  the  nut  to  the  carriage,  a  ring  is  attached  to  the 
latter,  whose  plane  is  vertical  and  which  can  turn  round  a  vertical  axis. 
The  bars  fixed  midway  on  the  two  halves  of  the  nut  bear  against  this 
ring  at  points  90°  distant  from  its  axis.  Hence  each  half  does  its  share 
independently  of  the  other  in  moving  the  carriage  forward.     Any  want 
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of  parallelism  between  the  screws  and  the  ways  or  eccentricdty  in  t 
screw  mountings  thus  scarcely  affects  the  forward  motion  of  the  cai 
riage.  The  guide  against  which  the  steel  pieces  of  the  nut  rest  can  h 
made  of  such  form  as  to  correct  any  small  error  of  run  dne  to  wear  a 
the  screw.  Also,  by  causing  it  to  move  backwards  and  forwards  peri 
odieally,  the  periodic  error  of  the  head  and  mountings  can  he  correctec 
In  making  gratings  for  optical  purposes  the  periodic  error  must  t 
very  perfectly  eliminated,  since  the  periodic  displacement  of  the  linei 
only  one-millionth  of  an  inch  from  their  mean  position  will  prodw 


"ghosts  "  in  the  spectrum.'  Indeed,  this  is  the  most  sensitive  method (i| 
detecting  the  existence  of  this  error,  and  it  is  practically  impossible  tl 
mount  the  most  perfect  of  screws  without  introducing  it.  A  very  pre 
tical  method  of  determining  tliis  error  is  to  rule  a  short  grating  witl 
very  long  lines  on  a  piece  of  common  thin  plate  glass;  cut  it  in  two  will 
a  diamond  and  superimpose  the  two  halves  with  the  rulings  togf 
and  displaced  sideways  over  each  other  one-half  tlie  pitch  of  the  screw 
On  now  looking  at  the  plates  in  a  proper  light  so  as  to  have  ihe  s 

'  Id  a  machtne  mode  b;  tbe  preieat  writer  tor  rallag  grtUag*  tbe  periodic  e 
entirely  dae  to  tbe  graduatloo  and  ceoterlog  of  tbe  head.     Th«  nneorrected  period 
error  from  this  c&oee  displaces  the  lines  j^^glb  of  an  Inch,  which  t*  •nfflcital  ^ 
entirely  mia  all  gratloj^s  msde  wlthoat  correcting  It. 
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tral  colors  show  through  it,  dark  lines  will  appear,  which  are  wavy  if 
there  is  a  periodic  error  and  straight  if  there  is  none.  By  measuring 
the  comparatiYe  amplitude  of  the  waves  and  the  distance  apart  of  the 
two  lines,  the  amount  of  the  periodic  error  can  be  determined.  The 
phase  of  the  periodic  error  is  best  found  by  a  series  of  trials  after  set- 
ting the  corrector  at  the  proper  amplitude  as  determined  above. 

A  machine  properly  made  as  above  and  kept  at  a  constant  tempera- 
ture should  be  able  to  make  a  scale  of  6  inches  in  length,  with  errors  at 
no  point  exceeding  nnAnnrth  of  an  inch.  When,  however,  a  grating  of 
that  length  is  attempted  at  the  rate  of  14,000  lines  to  the  inch,  four  days 
and  nights  are  required,  and  the  result  is  seldom  perfect,  possibly  on 
account  of  the  wear  of  the  machine  or  changes  of  temperature.  Grat- 
ings, howeyer,  less  than  3  inches  long  are  easy  to  make. 


ON  THE  HELATITE  WAVE-LENGTH  OF  THE  LINES  OE  THE 
SOLAB  SPECTRUM  _ 

For  several  years  past  I  have  been  engaged  in  making  a  photographic 
map  of  the  solar  spectrum  to  replace  the  ordinary  engraved  maps  and 
I  have  now  finished  Ihe  map  from  the  extreme  ultra  violet,  vrave-leogth 
3200,  down  to  wave-iength  5790.  In  order  to  place  the  scale  correctly 
on  this  map,  I  have  found  it  necessary  to  measure  the  relative  wave- 
lengths of  the  spectrum  and  to  reduce  it  to  ahsolute  wave-lengths  by 
some  more  modern  determination.  I  have  not  yet  entirely  finished  the 
work,  but  as  my  map  of  the  spectrum  is  now  being  published  aud  sa 
all  observers  so  far  seem  to  accept  the  measures  of  Angstrom,  I  have 
decided  that  a  table  of  my  results  would  be  of  value.  For  as  they  stand 
now  they  have  at  least  ten  times  the  accuracy  of  any  other  determina- 
tion. This  great  accuracy  arises  from  the  use  o(  the  concave  grating 
which  reduces  the  problem  of  relative  wave-lengths  to  the  measure  of 
the  coincidences  of  the  lines  in  the  different  spectra  by  a  micrometer. 

The  instrument  which  I  have  employed  has  concave  gratings  5  or  6  in. 
diameter,  having  either  7200  or  14,400  lines  to  the  inch  and  a  radius  o£ 
21  ft.  G  in.  By  my  method  of  mounting,  the  spectrum  is  normal  where 
measured,  and  thus  it  is  possible  to  use  a  micrometer  with  a  range  of 
5  inches.  The  spectrum  keeps  in  focus  everywhere  and  the  constant 
of  the  micrometer  remains  unchanged  except  for  slight  variations  due 
to  imperfections  in  the  workmanship.  The  micrometer  has  no  errors 
of  run  or  period  e.tceeding  the  ttttjuj  inch.  The  probable  error  of  a 
single  setting  on  a  good  clear  line  is  about  siruVinr  of  the  wave-length. 
1"  of  arc  is  about  '0012  inch.  The  D  line  in  the  second  spectrum  is  17 
inch  or  4-4  mm.  ivide.  Determinations  of  relative  wave-length  of  good 
linos  seldom  differ  1  in  500,000  from  each  other  and  never  exceed  1  in 
100,000,  even  with  differi'nt  gratings.  This  is,  of  course,  for  the  prin- 
cipal standard  lines,  and  the  chance  of  error  is  greater  at  the  extremities 
of  the  spectrum.  The  interpolation  of  lines  was  made  by  running  the 
micrometer  over  the  whole  spectrum,  5  inches  at  a  time,  and  adding  the 
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readings  together  so  as  to  include  any  distance,  even  the  whole  spec- 
trum. The  wave-length  is  calculated  for  a  fixed  micrometer  constant 
and  then  corrected  so  as  to  coincide  everywhere  very  nearly  with  the 
standards.  I  suppose  the  probable  error  of  the  relative  determinations 
with  the  weight  1  in  my  table  to  be  not  far  from  1  in  500,000.  Ang- 
strom thinks  his  standard  lines  have  an  accuracy  of  about  1  in  50,000 
and  ordinary  lines  much  less. 

As  to  the  absolute  measure,  it  is  now  well  determined  that  Angstrom's 
figures  are  too  small  by  about  1  part  in  6000.  This  rests :  1st,  on  the 
determination  of  Peirce  made  for  the  TJ.  S.  Coast  Survey  with  Ruther- 
tard'g  gratings  and  not  yet  completely  published;  2d,  on  an  error  made 
k]f  Tresca  in  the  length  of  the  standard  metre  used  by  Angstrom  *  which 
increases  his  value  by  about  1  in  7700;  3d,  on  a  result  obtained  in  my 
Itboratory  with  two  of  my  gratings  by  Mr.  Bell,  which  is  published  with 
ftis  paper.  Mr.  C.  S.  Peirce  has  kindly  placed  his  grating  at  our  dis- 
posal and  we  have  detected  an  error  of  ruling  which  affects  his  result 
ttd  makes  it  nearly  coincide  with  our  own.  The  wave-length  of  the 
■ttn  of  the  two  E  lines  is 

Angstrom  (atlas) 526912   ±  -5 

Angstrom  (Corrected  by  Thal6n) 5269-80 ' 

Peirce     527016 

Peirce  (Corrected  by  Rowland  and  Bell) 5270  00  * 

M     527004 

results  are  for  air  at  ordinary  pressures  and  temperatures.  The 
is  reduced  to  20®  C.  and  760  mm.  pressure.  To  reduce  to  a  vacuum 
tiply  by  the  following : 

loferline  A  C  E  0  H 

ion   factor..  1-000291    1000292    1000294    1000297    1000298 

^:Iae  relation  between  my  wave-lengths  and  those  of  Angstrom  are 
by  the  following.  Angstrom's  value  being  from  p.   31   of  his 
lit: 

A  (edge)    B  (edge)  C 

\m    7597-5   686710  671716  6562-10  6264-31 

id  7593-97  6867-38  6717-83  6562-96  6265-27 


Lce  —3-5      -28     -67     -86      -96 

I,  Sur  Spectre  da  Fer,    Soci6t6  Roy  ale  des  Sciences  d^Upsal,  September, 
p.  3S.  '  From  one  grating  only. 
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A  l>\  Polrce's  lUw 

589ol3     588912     5?0845     562336     5i54-84 

Eowland    589608     589012     5709  66     5624-70     5455-68 

Difference -95  100  111  1-34  -84 

E  B  6,  F 

AngBtrom    5269-59     59686r     5183-10     5138'78     4860-74 

Howland    527043     5269-66     518373     5139-47     4861-43 

Difference   -84  -98  -63  -69  -69 

AngBtrbm    4703-44     4307  25  ^H 

Howland    4703-11     4307-96  ^^ 

Difference   -67  -71 

The  greatest  variation  in  theee  differences  is  evidently  due  to  the 
poor  definition  of  Angstrom's  grating  by  which  the  numbers  refer  to 
groups  of  lines  rather  than  to  single  ones.  Selecting  the  best  figures, 
we  find  that  Angstrom's  wave-lengths  must  be  multiplied  by  100016  to 
agree  with  Bell,  while  the  correction  for  Angstrom's  error  of  scale 
would  be  1-000110. 

It  is  impossible  for  me  to  give  at  present  all  the  data  on  which  iny 
determinations  rest,  but  I  have  given  in  Table  I  many  of  the  coinci- 
dences as  observed  with  sc\  eral  gratings,  the  number  of  single  readings 
being  given  in  the  parentheeie  over  each  set. 

Table  II  gives  the  wave-lengths  as  interpolated  by  the  micrometer. 
It  is  scarcely  possible  that  any  error  will  be  found  (except  accidental 
errors)  of  more  than  02,  and  from  the  agreement  of  the  observations 
I  scarcely  expect  to  make  any  changes  in  the  final  table  of  more  than 
•01,  except  in  the  extremities  of  the  spectrum,  where  it  may  amount 
to  -03  in  the  region  of  ^4  and  H  lines.  The  wave-lengths  of  weight 
greater  than  1  will  probably  be  found  more  exact  than  this.  The  lines 
can  be  identified  on  my  new  photograph  of  the  spectrum  down  to  5790. 
Below  this  there  is  little  trouble  in  finding  the  right  ones.  All  maps 
of  the  spectnun,  especially  above  F,  are  so  imperfect  that  it  is  almost 
impossible  to  identify  my  lines  upon  them.  The  lines  can  only  be  prop- 
erly identified  by  a  power  sufficient  to  clearly  divide  6,  and  6,.  Some  of 
them  are  double  and  most  of  these  have  been  marked,  but  as  the  table 
has  been  made  for  my  own  use,  I  have  not  been  very  careful  to  examine 
each  line.    This  will,  however,  be  finally  done.    Micrometric  measures 
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ve  now  been  made  of  nearly  all  the  lines  below  6  with  a  view  of  mak- 
ing a  map  of  this  region. 

Tablf  I  gi\f»  the  coincidences  of  the  different  orders  of  the  spectra 
aa  observed  with  several  concave  gratings  on  both  Bides  of  the  normal, 
the  numbers  in  the  brackets  indicating  the  number  of  observations.  The 
obaervations  have  been  reduced  as  nearly  as  poesible  to  what  I  consider 
the  tnie  wave-length,  the  small  difference  from  the  numbers  given  in 
Table  II  being  the  variation  of  the  observations  from  the  mean  value. 
The  true  way  of  reducing  these  observations  would  be  to  form  a  linear 
equation  for  each  series  and  reduce  by  the  method  of  least  squares.  A 
simpler  way  was,  however,  used  and  the  relative  wave-length  of  the 
standard  lines,  marked  S  in  Table  II,  was  obtained;  however,  some 
other  observations  were  also  included. 

Table  II  gives  the  wave-lengths  reduced  to  Bell's  value  for  the  abso- 
lute wave-length  of  the  D  line.  These  were  obtained  by  micrometric 
measurement  from  (he  standards  as  described  before.  The  n'eights 
are  given  in  the  first  column  and  some  of  the  lines,  which  were  meas- 
ured double,  have  also  been  marked.  But  the  series  has  not  yet  been 
carefully  e.xamiued  for  doubles. 

The  method  is  so  nmch  more  accurate  than  by  means  of  angular 
measurement  that  the  latter  has  little  or  no  weight  in  comparison. 

This  table  is  to  be  used  in  connection  with  my  photographic  map  of 
the  normal  spectrum  to  determine  the  error  of  the  latter  at  any  point. 
The  map  was  made  by  placing  the  photograph  in  contact  with  the  scale, 
which  was  the  same  for  each  order  of  spectrum,  and  enlarging  the  two 
together.  In  this  way  the  map  has  no  local  irregularities,  although  the 
scale  may  be  displaced  slightly  from  its  true  position,  and  may  be  a  little 
too  long  or  short,  although  as  far  as  I  have  tested  it,  it  seems  to  have 
very  little  error  of  the  latter  sort.  The  scale  was  meant  in  all  eases, 
except  the  ultra  violet,  to  apply  to  Peirce's  absolute  value  and  so  the 
correction  is  generally  negative,  as  follows: 

Approzimate  correction  to  ths  photographic  map  of  th$  normal  spectrum  to 
reduce  to  latest  absolute  value. 

Strip  3200  to  3330 Correction —-05 

"     3275  to  3630 "         —-06 

"     3475to3730 "         —  02 

"     3676  to  3930 "  —-10 

"     3875  to  4130 "         —-16 

■'     4075  to  4330 "  —-04 


^F            51G                                     ITenry  a.  Rowland                                        ^H 

^^^ 

rip  4275  to  4530 Correction -  -OS             ^| 

'     4480 10  4735   "        —-10             ^M 

'      Ifl?"!  ti  "^llf                              "                                  -""I               ^M 

'      6076IO5330 —-IB               H 

*      5215  to  5595  about --Ofi              ■ 

'      5415  to  5795 about —04              ■ 

'     3710  to  3910   --30             ■ 

'      3810  to  4000 — -U              ^M 

^M                 It  IB  to  be  noted  that  the  third  spectrum  of  the  map  runs  into  the 
H               second,  so  that  it  must  not  be  ueed  beyond  wave-length  3200,  as  it  is 
^ mixed  with  the  second  in  that  region. 

H  ""  d 

^IH^iM 
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TABLE  OF   STANDARD  WAVE-LENGTHS 

[Jofuu  Eopkifu  UnUfer%ity  Circular%,  No.  78,  p.  69,  1889 ;  FhiloBophical  Magazine  [5], 

XXVII,  479-484,  1889] 

In  the  ^  American  Journal  af  Science '  for  March,  1887,  and  the  '  Lon- 
don, Dublin  and  Edinburgh  Philoeophical  Magazine'  for  the  same 
month,  I  have  published  a  preliminary  list  of  standards  as  far  as  could 
be  observed  with  the  eye,  with  a  few  imperfectly  observed  by  photog- 
raphy, the  whole  being  reduced  to  BelFs  and  Peirce's  values  for  absolute 
wave-lengths.  Mr.  Bell  has  continued  his  measurements  and  foijnd  a 
slightly  greater  value  for  the  absolute  wave-length  of  the  D  line,  and  I 
have  reduced  my  standards  to  the  new  values. 

Nearly  the  whole  list  has  been  gone  over  again,  especially  at  the  ends 
around  the  A  line  and  in  the  ultra  violet.  The  wave-lengths  of  the  ultra 
^olet  were  obtained  by  photographing  the  coincidence  with  the  lower 
wave-lengths,  a  method  which  gives  them  nearly  equal  weight  with 
ttose  of  the  visible  spectrum. 

The  full  set  of  observations  will  be  published  hereafter,  but  the  pres- 
«>it  series  of  standards  can  be  relied  on  for  relative  wave-lengths  to  -02 
division  of  Angstrom  in  most  cases,  though  it  is  possible  some  of  them 
^•y  be  out  more  than  this  amount,  especially  in  the  extreme  red. 

^  to  the  absolute  wave-length,  no  further  change  will  be  necessary, 
PW)videc[  spectroscopists  can  agree  to  use  that  of  my  table,  as  has  been 
*^e  by  many  of  them. 

%  the  method  of  coincidences  with  the  concave  grating  the  wave- 

^*^«8  have  been  interwoven  with  each  other  throughout  the  whole 

^*^  so  that  no  single  figure  could  be  changed  without  affecting  many 

ij^ers  in  entirely  different  portions  of  the  spectrum.     The  principal  dif- 

if^^^®  from  the  preliminary  table  is  in  the  reduction  to  the  new  abso- 

™  ^ve-length  by  which  the  wave-lengths  are  about  1  in  80,000  larger 

the  preliminary  table.     I  hope  this  difference  will  not  be  felt  by 

^  ^ho  have  used  the  old  table  because  measurements  to  less  than  ^ 

^^11  of  Angstrom  are  rare,  the  position  of  the  lines  of  many  metals 

8  ^mknown  to  a  whole  division  of  Angstrom.     As  the  new  map  of 

'P^ctrum  has  been  made  according  to  this  new  table,  I  see  no  further 

^  for  changing  the  table  in  the  future. 
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No  attempt  bos  been  made  to  reduce  the  figures  to  a  vacuum  as  the 
index  of  refraction  of  air  is  imperfectly  known,  but  thia  should  be  done 
where  numerical  relationa  of  time  period  are  desired. 

In  the  column  giving  the  weight,  the  primary  standards  are  marked 
8  and  the  other  numbers  give  the  number  of  separate  determination  of 
the  wave-length  and  thus,  to  some  eitent,  the  weight. 

Many  of  these  standards  are  double  lines  and  some  of  them  have 
faint  components  near  them,  which  makes  the  accuracy  of  setting 
smaller.  This  is  specially  the  case  when  this  component  is  an 
atmoBpheric  line  whose  intensity  changes  with  the  altitude  of  the  sun. 
The  principal  doubles  are  marked  with  d,  but  the  examination  has  not 
been  completed  yet,  especially  at  the  red  end  of  the  spectrum. 

[A  table  of  the  standard  wave-iengtlie  is  given  on  p.  78  J.  H.  TJ.  Circ, 
but  is  omitted  in  this  volume.] 


A  FEW  NOTES  ON  THE  USE  OF  GRATINGS 
{Johnt  Hopkim  UniMTiilfi  CireHlari,  No.  78,  pp.  T3,  74,  1980] 

The  ghosts  are  very  weak  in  most  of  my  gratings.     They  are  scarcely 

visible  in  the  loner  orders  of  spectra,  but  increase  in  intensity  as  com- 

p«red  with  the  principal  line  as  the  square  of  the  order  of  the  spectrum. 

•e,  to  avoid  them,  obtain  magnification  by  increasing  the  focal  dis- 

!8  instead  of  going  to  the  higher  orders.     The  distances  from  the 

:ipal  line  in  my  gratings  are  the  same  as  the  distances  of  the  spectra 

the  ima^e  of  the  sHt  when  using  a  grating  of  20  lines  to  the  inch. 

IThey  are  always  sjTnmetrical  on  the  two  sides,  and  about  -jij  inch  for 

Ithe  violet  and  J  inch  for  the  red  in  a  grating  of  21  ft.  6  in.  radius  in  all 

wders  of  spectra.     When  the  given  line  has  the  proper  exposure  on  the 

photographic  plate,  the  ghosts  will  not  show,  but  over-exposure  brings 

them  nut  faintly  in  the  third  spectrum  of  a  30,000  grating  or  the  6th  of 

a  10.000  one.     They  never  cause  any  trouble,  as  they  are  easily  reeog- 

liwd  and  never  appear  in  the  solar  si>eotnim.    In  some  cases  the  higher 

'ritrs  of  ghosts  are  quite  as  apparent  as  those  of  the  first  order. 

The  gratings  with  10,000  lines  to  the  inch  oft«n  have  better  definition 

thui  those  of  20,000,  as  they  take  half  the  time  to  rule,  and  they  are 

loitB  as  good  for  eye  observation.     They  can  also  be  used  for  photo- 

iphing  the  spectrum  by  absorbing  the  overlying  spectra,  but  there 

*every  few  materials  which  let  through  the  ultra  violet  and  absorb  the 

"Hger  wave-lengths.     The  10,000  gratings  have  the  advantage,  how- 

'*■«,  in  the  measurement  of  wave-lengths  by  the  overlapping  spectra, 

■tiiongh  this  method  is  unnecessary  since  the  completion  of  my  map  of 

"€  spectrum.     By  far  the  best  is  to  use  a  20,000  grating  and  observe 

***ii  to  the  P  line  by  photography,  using  erythrosio  plates  from  the  F 

^edown  to  D.     Below  D,  cyanine  plates  can  be  used,  although  the  time 

*    espoBure  is  from  10  to  60  minutes  with  a  narrow  slit.     The  solar 

r**«trum  extends  to  wave-lengths  3000,  and  the  map  has  been  contin- 

"^^  to  this  point.     Beyond  this,  the  eoincidence  with  the  solar  spectrum 

^■ot  be  used,  but  those  of  the  1st  and  3d  or  2d  and  3d  spectra  can  be. 

wme  complaints  have  been  made  to  me  that  one  of  my  gratings  has 

•iKStrum  beyond  3400,  even  of  the  electric  arc.     I  have  never  found 

•■  the  ease,  as  the  one  I  use  gives  w.  I.  3200,  readily  with  30  minutes 

POfUre  on  slow  plates,  requiring  5  minutes  for  the  most  sensitive 
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part  and  using  the  electric  arc.     With  sensitive  platee,  the  timg  c 
diminished  to  ooe-Sith  of  this. 

For  eye  obaervationB,  a  very  low  power  eye-piece  of  1  or  2  in.  focns 
is  best.  This,  with  a  fncus  of  21  (t.  (i  in.  is  equivalent  to  a  plane  grat- 
ing with  a  telescope  of  a  power  of  100  or  200. 

In  measuring  the  spectra,  an  ordinary  dividing  engine  with  errors 
not  greater  than  Yihn  i^'^  ^^^  ^'^  ueed,  going  over  the  raeasurenients 
twice  with  the  plate  reversed  between  the  separate  series.  The  plate* 
are  on  so  very  large  a  scale  that  the  microscope  must  have  a  very  low 
power.  The  one  I  use  has  a  1  inch  objective  and  a  2  inch  eye-piece. 
The  measured  part  of  the  plate  is  about  a  foot  long,  the  platea  being 
19  in.  long. 

All  the  spectrum  photographs  taken  at  diiferent  times  coincide  per- 
fectly, and  this  can  be  used  for  such  problems  as  the  determination  of 
the  atmospheric  lines.  For  this  purpose,  negatives  at  high  and  low 
Bun  are  compared  by  scraping  the  emulsion  off  from  half  the  plates  and 
clamping  them  together  with  the  edges  of  the  spectra  in  coincidence. 
The  two  spectra  coincide  exactly  line  for  line  except  where  the  atmo- 
spheric lines  occur. 

This  method  is  specially  valuable  for  picking  out  impurities  in  metal- 
lic spectra,  using  some  standard  impurity  in  all  the  substances  to  give 
a  set  of  fiducial  lines;  or  better,  obtaining  the  coincidence  of  all  the 
metals  with  some  one  metal,  such  as  iron.  Making  the  iron  spectrum 
coincide  on  the  two  plates,  the  other  spectra  can  be  compared.  This  is 
specially  possible  heoaiise  the  focus  of  a  properly  set  up  concave  grating 
need  not  be  altered  in  years  of  use,  for,  when  necessary,  it  can  be  ad- 
justed at  the  slit,  keeping  the  distance  of  the  grating  from  the  slit  con- 
stant. 

The  spectrum  of  the  carbon  poles  is  generally  too  complicated  for 
use  with  anything  except  the  more  pronounced  lines  of  metals,  there 
being,  at  a  rough  guess,  10,000  lines  in  its  spertrum.  However,  in  pho- 
tographing metallic  spectra  but  few  of  these  show  on  the  plate,  as  they 
are  mostly  faint.  The  spark  discharge  gives  very  nebulous  lines  for 
the  metals. 

Most  gratings  are  ruled  bright  in  the  higher  orders,  but  this  is  more 
or  less  difficult,  as  most  diamond  points  give  the  first  spectrum  the 
brightest.  Indeed,  it  is  very  easy  to  obtain  ruling  which  is  immenseh/ 
bright  in  the  first  spectrum.  Such  gratings  might  be  used  for  gaseous 
spectra.  Short  focus  gratings  of  o  ft.  radius  of  curvature,  very  bright 
in  the  first  order,  require  only  a  fraction  of  a  second  exposure  for  the 
solar  spectrum  and  the  spectrum  of  a  gas  can  be  obtained  in  less  than 
an  hour. 
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[Mr«  H6jAin9  University  Circulars^  No.  85,  pp.  41,  42,  1891 ;  Ameriean  Journal  of 
Science  [S],  XLI,  248,  244,  1891 ;   The  Chemical  Newt,  LXIII,  133,  1891] 

During  the  past  year  or  two  a  great  deal  of  work  has  been  done  in 
the  photography  of  the  spectra  of  elements  and  the  identification  of  the 
lines  in  the  solar  spectrum,  which  it  will  take  a  long  time  to  work  up, 
ready  for  publication.    Hence,  I  have  thought  that  a  short  account  of 
what  has  been  done  up  to  the  present  time  might  be  of  interest  to  work- 
ers in  the  subject.    In  the  prosecution  of  the  work  financial  assistance 
has  been  received  from  the  Bumf ord  Fund  of  the  American  Academy  of 
Arts  and  Sciences,  as  well  as  from  the  fund  given  by  Miss  Bruce  to  the 
Earvard  Astronomical  Observatory  for  the  promotion  of  research  in 
astronomical  physics^  and  the  advanced  state  of  the  work  is  due  to  such 
ttsistance. 
The  work  may  be  summed  up  under  the  following  heads: 
1st.  The  spectra  of  all  known  elements,  with  the  exception  of  a  few 
gaseous  ones,  or  those  too  rare  to  be  yet  obtained,  have  been  photo- 
graphed in  connection  with  the  solar  spectrum,  from  the  extreme  ultra 
Wiolet  down  to  the  D  line,  and  eye  observations  have  been  made  on  many 
to  the  limit  of  the  solar  spectrum. 

2d.  A  measuring  engine  has  been  constructed  with  a  screw  to  fit  the 
•bove  photographs,  which,  being  taken  with  the  concave  grating,  are  all 
lionnal  spectra  and  to  the  same  scale.  This  engine  measures  wave- 
kngths  direct,  so  that  no  multiplication  is  necessary,  but  only  a  slight 
tQrrection  to  get  figures  correct  to  -j-J-^-  of  a  division  of  Angstrom. 
^  3d.  A  table  of  standard  wave-lengths  of  the  impurities  in  the  car- 
^  inmB,  extending  to  wave-length  2000,  has  been  constructed  to  measure 
I  ^ve-lengths  beyond  the  limits  of  the  solar  spectrum. 

4th.  Maps  of  the  spectra  of  some  of  the  elements  have  been  drawn 
%  a  large  scale  ready  for  publication. 
5th.  The  greater  part  of  the  lines  in  the  map  of  the  solar  spectrum 
e  been  identified  and  the  substance  producing  them  noted. 
6tli-  The  following  rough  table  of  the  solar  elements  has  been  con- 
Mrncted  entirely  according  to  my  own  observations,  although,  of  course, 
f^oet  of  them  have  been  given  by  others. 
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I  So  not  know  which  are  the 

new  ones,  hut  call  attention  to  Silicon, 

Vanadium,  Scandium,  Yttrium, 

Zirconium,  Glucinum,  Germanium  and 

Erbium,  as  being  possibly  new. 

Silicon  has  lines  on  my  map 

at  wave-lengths  3905-7,  4103-1,  5708-7, 

6772-3  and  5948-7.     That  at  3905'7  is  the  largest  and  moftt  certain. 

That  at  4103-1  is  also  claimed  by  Manganese. 

ELEMENTS  IN  THE  SUN.  AKRANGED  ACCORDING  TO  THE  INTENSITY 

AND  THE  NUMBER  OF  LINES  IN  THE  SOLAH  SPECTEUM. 

ACCOBOraO   TO   inTEIKSITS. 

ACCOHDIKa    TO    HUlEBEa.                     ^^ 

Calcium. 

Iron  (2000   or  more).            ^H 

Iron. 

Nickel.                                    ^H 

Hydrogen, 

Titanium.                             ^^^ 

Sodium. 

Manganese.                           ^^H 

Nickel. 

Chromiun,.                           ^M 

Magnesium. 

Cobalt.                                ^H 

Cobalt. 

Carbon  (200  or  more).          ^H 

SUicon. 

Vanadium.                              ^M 

Aluminium. 

Zirconium.                              ^^H 

Titanium. 

■ 

Chromium. 

Calcium  (75  or  more).          ^^B 

Manganese. 

IScanditim.                            ^^^| 

Strontium. 

Neodymium.                        ^^^| 

Vanadium. 

Lanthanum.                      ^^^^ 

Barium. 
Carbon. 

Scandium. 

Yttrium. 

Zirconium. 

Molybdenum. 

Lanthanum. 

Niobium. 

Palladium. 

NeodvTnium. 

Copper. 

Zinc. 

Cadmium. 

Cerium. 

Glucinum. 

Germanium. 


Yttrium 

Niobium. 

Molybdenum. 

Palladium. 

Magnesium  (20  or  more). 

Sodium  (11). 

Silicon. 

Strontium. 

Barium. 

Aluminium  (4). 

Cadmium. 

Rhodium. 

Erbium. 

Zinc. 

Copper  (2). 

Silver  (2). 
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ACCOBDINO  TO   nVTENSITT. 

ACCORDING   TO   NUMBER. 

Bhodium. 

Glucinum  (2). 

Silver. 

Germanium. 

Tin. 

Tin. 

Lead. 

Lead  (1). 

Erbium. 

PotAftsium  (1). 

Potassium. 

DOUBTFUL  ELEMENTS. 

Iridium. 

Buthenium. 

Tungsten. 

Osmium. 

Tantalum. 

Uranium. 

Platinum. 

Thorium. 

NOT  IN  SOLAR  SPECTRUM. 

Antimony. 

Caesium. 

Bubidium. 

Arsenic. 

Gold. 

Selenium. 

Bismuth. 

Indium. 

Sulphur. 

Boron. 

Mercury. 

Thallium. 

Nitrogen  (vacuum 

tube). 

Phosphorus. 

Praeseodymium 

SUBSTANCES  NOT  YET 

TRIED. 

Bromine. 

Oxygen. 

Holmium. 

Chlorine. 

Tellurium. 

Thulium. 

Iodine. 

Gallium. 

Terbium,  etc. 

Fluorine. 

These  tables  are  to  be  accepted  as  preliminary  only,  especially  the 
order  in  the  first  portion.  However,  being  made  with  such  a  powerful 
instrument,  and  with  such  care  in  the  determination  of  impurities,  they 
must  still  have  a  weight  superior  to  most  others  published. 

The  substances  under  the  head  of  "Not  in  Solar  Spectrum"  are 
often  placed  there  because  the  elements  have  few  strong  lines  or  none 
at  all  in  the  limit  of  the  solar  spectrum  when  the  arc  spectrum,  which 
I  have  used,  is  employed.  Thus  boron  has  only  two  strong  lines  at  2497. 
Again,  the  lines  of  bismuth  are  all  compound  and  so  too  diffuse  to  ap- 
pear in  the  solar  spectrum.  Indeed,  some  good  reason  generally  ap- 
pears for  their  absence  from  the  solar  spectrum.  Of  course,  this  is 
little  evidence  of  their  absence  from  the  sun  itself. 

Indeed,  were  the  whole  earth  heated  to  the  temperature  of  the  sun, 
its  spectrum  would  probably  resemble  that  of  the  sun  very  closely. 
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With  the  high  dlsporsion  here  used  the  "baeic  lines"  of  Lockyer  are 
widely  hroken  up  and  cease  to  exist.  Indeed,  it  would  be  difficult  to 
prove  anything  except  accidental  coincidences  among  the  lines  of  the 
diilerent  elements.  Accurate  investigation  generally  reveals  some  alight 
difference  of  wave-length  or  a  crmimon  impurity. 

Furthermore,  the  strength  of  the  lines  in  the  solar  gpectmm  is  gen- 
erally very  nearly  the  same  as  that  in  the  electric  arc,  with  only  a  few 
exceptions,  as  for  instance  calcium.  The  cases  mentioned  by  Loekyer 
are  generally  those  where  he  mistakes  groups  of  lines  for  single  lines 
or  even  mistakes  the  character  of  the  line  entirely.  Altogether  there 
seems  to  be  very  little  evidence  of  the  breaking  up  of  the  elements  in 
the  Sim  as  far  as  my  experiments  go. 

Even  after  comparing  the  solar  epectrnm  with  all  known  elements, 
there  are  still  many  important  lines  not  accounted  for.  Some  of  these 
I  have  accounted  for  by  silicon  and  there  are  probably  many  more.  Of 
all  known  substances  this  is  the  most  difficult  to  bring  out  the  lines  in 
the  visible  spectrum  although  it  has  a  fine  ultra-violet  one.  Possibly 
iron  may  account  for  many  more,  and  all  the  elements  at  a  higher  tern- 
jH-rature  might  dovelope  more.  Then,  again,  very  rare  elements  like 
scandium,  vanadium,  etc.,  when  they  have  a  strong  spectrum,  may  cause 
strong  solar  lines  and  thus  we  nmy  look  for  new  and  even  rare  elements 
to  account  for  very  many  more.  Indeed,  I  find  many  lines  accounted 
for  by  the  rare  elements  in  gadolinite,  eamarskite  and  fergusonite  other 
than  yttrium,  erbium,  scandium,  praeseodymium,  neodymium,  lantha- 
num and  cerium,  which  I  cannot  identify  yet  and  which  may  he  without 
a  name.  For  this  reason,  and  to  discover  rare  elements,  I  intend  finally 
to  try  unknown  minerals,  as  my  process  gives  nic  an  easy  metbod  of 
detecting  any  new  substance  or  analyzing  minerals  however  many  ele- 
ments they  may  contain. 

The  rcHearch  is  murli  indebted  to  the  faithful  and  careful  work  of 
Mr.  L.  K.  Jewell  wiio  has  acted  as  my  assistant  for  several  years. 
Preliminary  publications  of  re.-iults  will  be  made  in  the  '  University 
Circulars.' 

Among  the  iastest  results  I  may  mention  the  spectroscopic  separation 
of  yttrium  into  ihrou  components,  and  the  actiml  separation  into  two. 
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[Philosophical  Magazine  [5],  XXXV,  897-419,  1898  ;  Astronomy  and  Astro- Physics, 

XII,  129-149,  1898] 

Pabt  I" 

It  is  not  my  object  to  treat  the  theory  of  diffraction  in  general  but 
only  to  apply  the  simplest  ordinary  theory  to  gratings  made  by  ruling 
grooves  with  a  diamond  on  glass  or  metal.  This  study  I  at  first  made 
with  a  view  of  guiding  me  in  the  construction  of  the  dividing  engine 
for  the  manufacture  of  gratings,  and  I  have  given  the  present  theory 
for  years  in  my  lectures.  As  the  subject  is  not  generally  understood 
in  all  its  bearings  I  have  written  it  for  publication. 

Let  p  be  the  virtual  distance  reduced  to  vacuo  through  which  a  ray 
moves.  Then  the  effect  at  any  point  will  be  found  by  the  summation 
of  the  quantity 

A  coBbip—  Vt)  -f  BBinb(p—  Vt), 

in  which  b  =   .-,  I  being  the  wave-length.     V  is  the  velocity  reduced  to 

A 

vacuo,  and  t  is  the  time.     Making  d  =  tan~*  -j<-  we  can  write  this 

V 3«T1? sin [^ -f  J ( jt>  —  F/)]. 

The  energy  or  intensity  is  proportional  to  {A^  +  -^*)- 
Taking  the  expression 

(A  -f  i5)<r'*<'-'^'», 

when  i=  1^  —  1,  its  real  part  will  be  the  previous  expression  for  the 
displacement.  Should  we  use  the  exponential  expression  instead  of  the 
circular  function  in  our  summation  we  see  that  we  can  always  obtain 

1 1  am  much  indebted  to  Dr.  Ames  for  looking  over  the  proofs  of  this  paper  and 
correcting  some  errors.  In  the  paper  I  have,  in  order  to  malse  it  complete,  given 
some  results  obtained  previously  by  others,  especially  by  Lord  Rayleigh.  The  treat- 
ment is,  however,  new,  as  well  as  many  of  the  results.  My  object  was  originally  to 
obtain  some  guide  to  the  effect  of  errors  in  gratings  so  that  in  constructing  my 
dividing  engine  I  might  prevent  their  appearance  if  possible. 

'[Part  II  was  never  written.! 
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the  intensity  of  the  light  hj"  multiplying  the  final  result  by  itself  witt 
—  i  in  place  of  +  *.  because  we  have 

{A  +  iB)e--"-"'xiA—iB)e'"'~"'  =  A'  +  B', 

In  cases  where  a  ray  of  light  falls  on  a  surface  where  it  is  broker 
up,  it  is  not  necessary  to  t&ke  account  of  the  change  of  phase  at  (h< 
surface  but  only  to  sura  up  the  displacement  as  given  above. 

In  alt  our  problems  let  the  grating  be  rather  small  compared  witllf 
the  distance  of  the  screen  receiving  the  light  so  that  thi;  displacement! 
need  not  be  divided  into  their  components  before  summation. 

Let  the  point  x',  y',  t'  be  the  source  of  tight,  and  at  the  point  j 
let  it  be  broken  up  and  at  the  same  time  pass  from  a  medium  of  indei 
of  refraction  /'  to  one  of  /.     Consider  the  disturbance  at  a  point  %',  jffil 
z"  in  the  new  medium.     It  will  be 

e~  ""'*'''"  ■■", 
where 

^'  =  i"'  +  y"'  +  *"■  +  a:'  +  y'  +  ,'_2  (aa:"  +  yy"  +  ^') , 
^'  =  2"  +  y"  +  l"  +  a:'  +  y»  +  2»  — a(aa:'  +yy'  +  «>). 

Let  the  point  i,  y,  z  be  near  the  origin  of  co-ordinates  as  compi 
with  3f,  y',  i'  or  x",  y",  z"  and  let  «,  ^,  r  and  «',/?,  r'  be  the  directiM 
cosines  of  p  and  p.     Then,  writing 

ff = /'  v:«"  +  y"  +  z"  +  /v^'n^yn^T^, 

;  =  /a  +  /v, 

.  =/r  +  /y, 

we  have,  for  the  elementary  displacement, 

e- 16 1  it — Fi  — *i-(.i/ — «  +  irf*]^ 
where  _  ,  T V  I ~) 

and  r*  =  3^  +  y  +  j". 

This  equation  applies  to  light  in  any  direction.  In  the  special  c 
of  parallel  light,  for  which  "^O,  falling  on  a  plane  grating  with  lini 
in  the  direction  of  z,  one  condition  will  be  that  this  expression  must  \ 
the  same  for  all  values  of  a. 

Hence  v  =  0 . 

If  JV  is  the  order  of  the  spectrum  and  a  the  grating  space  we  sbi 
see  further  on  that  we  also  have  the  condition 
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The  direction  of  the  diffracted  light  will  then  be  defined  by  the 
equations 

«"  +  /S"  +  r"  =0, 
Jr+iy  =  o, 

a 


whence  r,  ,       r    /  «  .  «    /    xr£»      2W 


• 


JV  =  /  ^a'  +  2jljVi9-5^', 


l'r'  =  -Jr- 

In  the  ordinary  case  where  the  incident  and  diflfracted  rays  are  per- 
pendiciQar  to  the  lines  of  the  gratings  we  can  simplify  the  equations 
somewhat. 

Liet  f  be  the  angle  of  incidence  and  ^  of  diffraction  as  measured  from 
the  positive  direction  of  X. 

^  =  /'  cos  f  +  /  COB  ^, 

—  JV  =  Ai=  7'  sin  «p  +  /sin^, 
a 


where  I  is  the  wave-length  in  vacuo. 

In  case  of  the  reflecting  grating  1  =  1'  and  we  can  write 

^  =  /{coBf  +  cos^}, 
—  N=:^fjL  =  /{sin  f  +  sin  <f'\. 

This  is  only  a  very  elementary  expression  as  the  real  value  would 
depend  on  the  nature  of  the  obstacle^  the  angles^  etc.^  but  it  will  be  suffi- 
eient  for  our  purpose. 
The  disturbance  due  to  any  grating  or  similar  body  will  then  be  very 


//' 


;  where  d^  is  a  differential  of  the  surface.    For  parallel  rays, «  =  0. 

Plane  Gratings 

In  this  case  the  integration  can  often  be  neglected  in  the  direction 
z  and  we  can  write  for  the  disturbance  in  case  of  parallel  rays, 


ff 
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Case  I. — Simple  Periodic  Rduno 
Let  the  surface  be  divided  up  into  equal  parts  in  each  of  whicb  onj 

or  more  lines  or  grooves  are  ruled  parallel  to  the  axis  of  z. 

The  integration  over  the  surface  will   then  resolve  itself  into 

integration  over  one  space  and  a  sumraation  with  respect  to  the  nui 

ber  of  spaces.     For  in  this  case  we  can  replace  j  by  na  -j-  y  where  a  a 

the  width  of  a  space  and  the  displacement  becomes 

g—  lh(H  -  Vli  yg+  ibnan 


Multiplying  the  disturbance  by  itself  with  - 
for  the  light  intensity 

Iff— "'Iff 


The  first  term  indicates  spectral  lines  in  positions  given  by  the  equation 

with  intensities  given  by  the  last  integral.  The  intensity  of  thejpsc- 
tral  lines  then  depends  on  the  form  nf  the  ^oove  as  given  by  thefj"'" 
tion  x=:f{y)  and  upon  the  angles  of  incidence  and  diffraction.  The 
first  factor  has  been  often  discussed  and  it  is  only  necessary  lo  "^ 
attention  to  a  few  of  its  properties. 

When  ba/i^'iTrN,  N  being  any  whole  number,  the  expression  bs- 
comes  n'.  On  either  side  of  this  value  the  intensity  decreases  iinti' 
nhaf/=z27t^,  when  it  becomes  0. 

The  spectral  line  then  has  a  width  represented  by// — //'^^neii^Jt 
on  either  side  of  this  line  smaller  maxima  exist  too  faintly  to  be  ob- 
served, When  two  spectral  lines  are  nearer  together  than  half  tl 
width,  they  blend  and  form  one  line.  The  defining  power  of  the  t| 
troscope  can  be  expressed  in  terms  of  the  quotient  of  the  waTe-lcdi 
by  the  difference  of  wave-length  of  two  lines  that  can  just  be  »ett 
divided.     The  defining  power  is,  then, 


'nJV= 


"T- 


jipre»«loc  of  Lord  RaylelBb's. 
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Now  na  is  the  width  of  the  grating.  Hence,  using  a  grating  at  a 
given  angle,  the  defining  power  is  independent  of  the  number  of  lines 
to  the  inch  and  only  depends  on  the  width  of  the  grating  and  the  wave- 
length. According  to  this,  the  only  object  of  ruling  many  lines  to  the 
inch  in  a  grating  is  to  separate  the  spectra  so  that,  with  a  given  angle, 
the  order  of  spectrum  shall*  be  less. 

Practically  the  gratings  with  few  lines  to  the  inch  are  much  better 
than  thoee  with  nmny,  and  hence  have  belter  definition  at  a  given 
angle  than  the  latter  except  that  the  spectra  are  more  mixed  up  and 
more  difficult  to  see. 

It  is  also  to  be  observed  that  the  defining  power  increases  with  shorter 
wave-lengths,  so  that  it  is  three  times  as  great  in  the  ultra  violet  as 
in  the  red  of  the  spectrum.  This  is  of  course  the  same  with  all  optical 
instruments  such  as  telescopes  and  microscopes. 

The  second  term  which  determines  the  strength  of  the  spectral  lines 
will,  however,  give  us  much  that  is  new. 

First  let  us  study  the  effect  of  the  shape  of  the  groove  on  the  bright- 
ness. If  N  is  the  order  of  the  spectrum  and  a  the  grating  space  we 
have 

I,  =  /(sin  f  +  sin  <;■)  =  - 


and  the  intensity  of  the  light  becomes  proportional  to 

It  is  to  be  noted  that  this  expression  is  not  only  a  function  of  N  but 
also  of  1,  the  wave-lenglh.  This  shows  that  the  intensity  in  general 
may  vary  througliout  the  bpectrum  according  to  the  wave-length  and 
that  the  sum  of  the  light  in  any  one  spectrum  is  not  always  white  light. 

This  is  a  peculiarity  often  noticed  in  gratings.  Thus  one  spectrum 
may  be  almost  wanting  in  the  green,  while  another  may  contain  an 
excess  of  this  color;  again  there  may  be  very  little  blue  in  one  spectrum 
while  very  often  the  similar  spectrum  on  the  other  side  may  have  its 
own  share  and  that  of  the  other  one  also.  For  this  reason  I  have  found 
it  almost  iinpoeeible  to  predict  what  the  ultra  red  s[K'ctriini  niny  bo, 
(or  it  is  often  weak  even  where  the  visible  spectrum  is  strong. 

The  integral  may  have  almost  any  form  although  it  will  naturally 
tend  to  be  such  as  to  make  the  lower  orders  the  brightest  when  the 
diamond  rules  a  singl»  and  simple  groove.     When  it  rules  several  lines 
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or  a  compound  groove,  the  hijrher  orders  may  exceed  the  lower  in 
brightncBa  and  it  is  mathematically  poesible  to  have  the  grooves  of 
such  a  ehapG  that,  for  given  angles,  all  the  light  may  be  thrown  into 
one  spectrum. 

It  is  not  uncommon,  indeed,  very  easy,  to  rule  gratings  with  im- 
meDsely  bright  firfit  spectra,  and  I  have  one  grating  where  it  seems  as 
if  half  the  light  were  in  the  first  spectrum  on  one  side.  In  this  case 
there  is  do  reflection  of  any  account  from  the  grating  held  perpendicu- 
larly: indeed  to  see  one's  face,  the  plate  must  be  held  at  an  angle,  in 
which  case  the  various  features  of  the  face  are  seen  reflected  almost 
ftB  brightly  as  in  a  mirror  but  drawn  out  into  spectra.  In  this  case  all 
the  other  spectra  and  the  central  image  itself  are  very  weak. 

In  general  it  would  be  easy  to  prove  from  the  equation  that  want  of 
symmetry  in  the  grooves  produces  want  of  symmetry  in  the  spectra,  a 
fact  universally  observed  in  all  gratings  and  one  which  I  generally 
utilize  so  that  the  light  may  be  concentrated  in  a  few  spectra  only,         J 

Example  1  — Sqdake  Gbootbs  1 

When  the  light  falls  nearly  perpendicularly  on  the  plate,  we  need 

not  take  the  sides  into  account  but  only  sum  up  the  surface  of  the  plate 

and  the  bottom  of  the  groove.     Let  the  depth  be  A'  and  the  width  equal 

to-"-. 
m 

The  intensity  then  becomes  proportional  to 

1    ■  ,_  y  ■  ,_  i  Y- 

JV'         ■■  'm   ^'"  "T-^* 
This  vanishes  when 

y  =  m  ,     2m ,     3m  ,  etc., 
°^  'f   =0,1,2,  3,  etc. 

The  inton^ilv  of  Ihe  cciilral  li<,'bt.  for  which  jV  =  0,  will  be 

;;..!..■  H-v). 

This  can  be  made  to  vanish  for  only  one  angle  for  a  given  wave- 
length. Therefore,  the  centrnl  image  will  be  colored  and  the  color 
will  change  with  the  angle,  an  effect  often  observed  in  actual  gratings. 
The  color  ought  to  change,  also,  on  placing  the  grating  in  a  liquid  of 
different  index  of  refraction  since  ^  contains  7,  the  index  of  refraction. 

It  will  be  instructive  to  take  a  special  case,  such  as  light  falling  per- 
pendicularly on  the  plate.     For  this  case 
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^  =  0,  A  =/(l  +  cos 4')  and  ai  =  / sin ^  = 


m 

a 


The  last  term  in  the  intensity  will  then  be 

■'"•{'^'[4-vT-(^r]}- 

As  an  example^  let  the  green  of  the  second  order  vanish.     In  this  case^ 
I  =  00005.    JV  =  2.     Let  a  =  -0002  cm.  and  7  =  1. 


Then, 
Whence, 


X[20000  +  V  (20000)»  -  (10000)*]  =  n. 


X  = 


n 


37300. * 


where  n  is  any  whole  number.     Make  it  1. 

Then  the  intensity,  as  far  as  this  term  is  concerned,  will  be  as 
follows : 


Ist  spec. 
2nd  *» 
3rd 
4th 
5th 


i( 


(( 


t( 


Minima  where  Intensity  is  0. 
Wave-lengths. 

•0000526  -0000268 

•0000500  -0000266 

•0000462  0000268 

•0000416  -0000259 

etc. 


Maxima  where  Intensity  Is  1. 
Wave-lengths. 

•0001000  -00008544  -00002187 

•0000888  -00008468  00002119 

-0000651  00008888  00002089 

•0000499  00008169  -00002050 

etc.  etc. 


The  central  light  will  contain  the  following  ware-lengths  as  a 
maximum : 

•0001072  00003575  0000214,  etc. 

Of  course  it  would  be  impossible  to  find  a  diamond  to  rule  a  rectangu- 
lar groove  as  above  and  the  calculations  can  only  be  looked  upon  as  a 
s})eeimen  of  innumerable  light  distributions  according  to  the  shape  of 
groove. 

Every  change  in  position  of  the  diamond  gives  a  different  light  dis- 
tribution and  hundreds  of  changes  may  be  made  every  day  and  yet  the 
same  distribution  will  never  return,  although  one  may  try  for  years. 

Example  2. — Triangular  Groove 

Let  the  space  a  be  cut  into  a  triangular  groove,  the  equations  of  the 
sides  being  x  =  —  cy,  and  x  =  c'(y  —  a),  the  two  cuttings  coming 
together  at  the  point  y  =  u.  Hence  we  have  — cu=^c'{u  —  a),  and 
ds=dy  ^  I -^c*  or  dy  njl  +7*.     Hence  the  intensity  is  proportional  to 
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«(?■-«■')  + 


O^TTI? 


1 


"(f- 


ffta-«)( /.-*-«/ J 


cos  -J-  [(;.  +  .'i)(o  -»)-.,(,-  el)]  } . 

This  espreaaion  is  not  symmetrical  with  respect  to  the  normal  to  the 
grating,  unless  the  groove  is  symmetrical,  in  which  caae  c  =  c'  and 


In  this  caae,  as  in  the  other,  the  colors  of  the  spectrum  are  of  vari- 
able intenfiity,  and  aome  of  them  may  vanish  as  in  the  first  example, 
but  the  distribution  of  intensity  is  in  other  respects  quite  different. 

Case  II.— Multiple  Pkbiodio  Ruunq 
Instead  of  having  only  one  groove  ruled  on  the  plate  in  this  space  a, 

let  us  DOW  suppose  that  a  scriea  of  similar  lines  are  ruled. 

We  have,  then,  to  obtain  the  displacement  by  the  same  eitpression  as 

before,  that  is 

Sinn*"" 

Bin^''  -^ 

except  that  the  last  integral  will  extend  over  the  whole  number  of  lines 
ruled  within  the  space  a. 

In  the  spaces  a  let  a  number  of  equal  grooves  be  ruled  commencing 
at  the  points  i/  =  0,  j/„  y^,  y,,  etc.,  and  extending  to  the  points  w,  y^  +  w, 
1/2  +  ^,  ®tc.  The  surface  integral  will  then  be  divided  into  portions 
from  w  to  y,,  from  y^  +  w,  to  y^,  etc.,  on  the  original  surface  of  the 
plate  for  which  x^=0,  and  from  w  to  0,  from  y^  +  w  to  y„  etc.,  for 
the  grooves. 

The  first  series  of  integrals  will  be 


1 


/■ 


e"'-vdy: 


-  e""""  +  t 


Mt/,  +  u')  +  fl 


But,  ( 
gral  1.CC 


-  1  since  bti<i  =:  ^zN  for  any  \ 


''  —  etc. } 

*"!'>  +  etc.}  +  5«>»a} 

n,  and  thus  the  inte- 


1 
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The  second  series  of  integrals  will  be 

Vb'^ +MV) ds{i'\-  ««>'*v,  -f  etc.  \ 

The  total  integral  will  then  be 


r- 


8in  n  %p  ^^ 
sin^-^ 


ri_.e*^  +    r>»(^  +  '*v)(;^"jri  +  e^y^  +  ^"^'^v.  4-  etc."!  . 


As  before^  multiply  this  by  the  same  with  the  sign  of  i  changed  to 
get  the  intensity. 

Example  1. — ^Equal  Distanobs 
The  space,  a,  contains  n'  —  1  equidistant  grooYes,  so  that  y^  =  y,  —  y^ 


=  etc   =  ^ 
n 


metals  with  some  one  metal,  such  as  iron.    Making  the  iron  spectrum 

.    ,  sin*^ 


2n^ 


*  BID 


Hence  the  displacement  becomes 

bafjL 


SID  n    ,.    _,        ,.  ,^ 


sm — C 

As  the  last  term  is  simply  the  integral  over  the  space  ^  in  a  diflferent 

form  from  before,  this  is  a  return  to  the  form  we  previously  had  except 
that  it  is  for  a  grating  of  nn'  lines  instead  of  n  lines,  the  grating  space 

being  ^,. 

Example  2. — Two  Orooybs 
1  +  ei^r,  =  iu^  cos  *f.' . 

But  ha/i  =  2iV7r.     Hence  this  becomes 

2giiriV    rcOSriViLL. 

a 
The  square  of  the  last  term  is  a  factor  in  the  intensity.    Hence  the 
spectrum  will  vanish  when  we  have 

JV^J^.  =  i,f,f,etc.* 

*  a  theorem  of  Lord  Rayleif;h*B. 
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A'= 


2-    S. 


Thus  when  —  =2,  the  Ist,  3d,  etc.,  spectra  will  disappear,  making 
a  grating  of  twice  the  number  of  lines  to  the  cm. 

When  —  =^4,   the   2d,   6th,    10th,   etc.,   spectra   disappear.     When 
-  —  =  6,  the  3d,  9th,  etc.,  spectra  disappear. 

The  case  in  which  —  ^  4,  as  Lord  Eayieigh  has  shown,  would  be  very 
useful  as  the  second  spectrum  disappears  leaving  the  red  of  the  first 
and  the  ultra  violet  of  the  third  without  contamination  by  the  second. 
In  this  case  two  lines  are  ruled  and  two  left  out.  This  would  be  easy 
to  do  but  the  advantages  would  hardly  pay  for  the  trouble  owing  to 
the  folJowing  reasons:  Suppose  the  machine  was  ruling  20,000  lines 
to  the  inch.  Leaving  out  two  lines  and  ruling  two  would  reduce  the 
dispersion  down  to  a  grating  with  5000  lines  to  the  inch.  Again,  the 
above  theory  assujnes  that  the  grooves  do  not  overlap.  'Now  I  believe 
that  in  nearly,  if  not  all,  gratings  with  20,000  lines  to  the  inch  the 
whole  surface  is  cut  away  and  the  grooves  overlap.  This  would  cause 
the  second  speetrum  to  appear  again  after  all  our  trouble. 

Let  the  grooves  be  nearly  equidistant,  one  being  slightly  displaced.- 
In  this  case  Ji  =  a  +  "■  fl 


cos' :;  —?- 


^h. 


^^^ 


^Nv 


la  — .,-  COB —  s 


-V  . 


T.Nv\* 


For  the  ( 
becomes 


spectra  this  is  very  nearly  unity,  but  for  the  odd   it 


Hence  the  grating  has  its  principal  spectra  like  a  grating  of  space  -^ 

but  there  are  still  the  intermediate  spectra  due  to  the  space  a,  and  of 
intensities  depending  on  the  squares  of  the  order  of  spectrum,  and  the 
squares  of  the  relative  displacement,  a  law  which  I  shall  show  applies 
to  the  effect  of  all  errors  of  the  ruling. 

This  particular  effect  was  brought  to  my  attention  by  trying  to  use 
a  tangent  screw  on  the  head  of  my  dividing  engine  to  rule  a  grating 
with  say  28,8'i'a  linos  to  the  inch,  when  a  single  tooth  gave  only  14,436 
to  the  inch.     However  carefully  I  ground  the  tangent  screw  I  never  was 
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able  to  entirely  eliminate  the  intermediate'  spectra  due  to  14,436  lines, 
and  make  a  pure  spectrum  due  to  28,872  lines  to  the  inch,  although  I 
could  nearly  succeed. 

Example  3. — One  Groove  in  m  Misplaced 

Let  the  space  a  contain  m  grooves  equidistant  except  one  which  is 
displaced  a  distance  v.     The  displacement  is  now  proportional  to 

1  -he^bM^  -^(^^f^-^  +etc.+  ««>'*^'"^  +  ')+etc.  4-^^'*'^'* 


_.  ^ibu  "HL^Ja 


sin*^ 


^J^ 


2        -,      ju  _t»-w-n 


1 


2m  J 

Multiplying  this  by  itself  with  —  t  in  place  of  + 1,  and  adding  the 
factors  in  the  intensity,  we  have  the  whole  expression  for  the  intensity. 
One  of  the  terms  entering  the  expression  will  be 

sin  w  1??    sin  n  ?^       j.^    o  .  n 

2  2^  g|jj  oarx  2;?  —  m  -f- 1 

— ^      sin^^  ^  "^         ' 

Now  the  first  two  terms  have  finite  values  only  around  the  points 

-^^=  mNr.^  where  mN  is  a  whole  number.    But  2p — m  +  1  is  also  a 

whole  number,  and  hence  the  last  term  is  zero  at  these  points.     Hence 
the  term  vanishes  and  leaves  the  intensity,  omitting  the  groove  factor, 

sin*  n  ^-^  8in«  n  ^ 

sm  ^  sin*  -,- 

2  m  2 

The  first  term  gives  the  principal  spectra  as  due  to  a  grating  space 

of  ^   and  number  of  lines  nm  as  if  the  grating  were  perfect.     The  last 

term  gives  entirely  new  spectra  due  to  the  grating  space,  a,  and  with 
lines  of  breadth  due  to  a  grating  of  n  lines  and  intensities  equal  to 

{bfivy. 

Hence,  when  the  tangent  screw  is  used  on  my  machine  for  14,436 
lines  to  the  inch,  there  will  still  be  present  weak  spectra  due  to  the 
14,436  spacing  although  I  should  rule  say  400  lines  to  the  mm.  This 
I  have  practically  observed  also. 

The  same  law  holds  as  before  that  the  relative  intensity  in  these 
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subsidiary  epectra  varies  ue  the  square  of  the  order  of  the  spectrum  and 
the  square  of  the  deviation  of  the  line,  or  lines  from  their  true  position. 

So  sensitive  is  a  dividing  engine  to  periodic  disturbances  that  all  the 
belts  driving  the  machine  must  never  revolve  in  periods  containing  an 
aliquot  number  of  lines  of  the  grating;  otherwise  they  are  sure  to  make 
spectra  due  to  their  period. 

As  a  particular  case  of  this  section  we  have  also  to  consider 

Periodic  Errors  of  Epi-in-g. — Theory  of  "Ghosts" 
In  all  dividing  engines  the  errors  are  apt  to  he  periodic   due   to 
"  drunken  "  screws,  eccentric  heads,  imperfect  bearings,  or  other  causes. 
We  can  then  write 

y  =  0,71  +  fl,  sin  (p,n)  +  n,  sin  (f,n),  +  elc. 

The  qnantities  e„  e,,  etc.,  give  the  periods,  and  a„  a„  etc.,  the  ampli- 
tudes of  the  errors.  We  can  then  divide  the  integral  into  two  parte  as 
before,  an  integral  over  the  groove  and  spaces  and  a  summation  with 
respect  to  the  numbers. 


^r^ 


g-(l.(Al-  +  HB)rfa  =   2'«-*'WW' 


X--- 


f)dB. 


It  is  possible  to  perform  these  operations  exactly,  but  it  is  less  com- 
plicated to  make  an  approximation,  and  take  y"  —  y"  ^a,  a  constant 
ae  it  is  verj-  nearly  in  all  gretinga.  Indeed  the  error  introduced  is 
vanisbingly  small.  The  integral  which  depends  on  \hu  shape  of  the 
groove,  will  then  go  outside  the  summation  sign  and  we  have  to  per- 
form the  summation 


iVs  function.     Then 


c.t. 


cos  (w  sin  y)  =  ./,  (m)  +  2  \J,  (w)  cos'  >p  +  J,  (m)  coa*  ^  +■  etc.] 
sin  («  sin  ^)  =  2  [J,  (u)  sin  f  +  J,  («)  sin'  y  +  etc.] 

But  «"'""'"*'  =cos(w  sin  y)  —  i8in(w  sin  f) . 


Hence  the  summation  becomes 


J  \    X  [J.  (b.'.fi,)  +  2  (-  ij,  (b,.'?,)  sin  e 
X  [J,  (5,"«>)  +  etc. 


X  [etc.] 


-  etc.] 


1  +  Jtiha,)  008  20,71  — etc.)] 
i  +  /,  (b/ia,)  cos  Zt,n  —  etc.)  J 
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Case  I. — Single  Periodic  Error 
In  this  case  only  flo  «^d  a^  exist.     We  have  the  formula 


.    pn 
sm-^ 


Hence  the  expression  for  the  intensity  becomes 


J.  (if^) 


sin  n 


sin 


IT 


^Jiipixa,^ 


am  n 


>/ia,  4-  ^1 


ein^A^^>  +  e> 


+ 


BID  n 


J^tUI,  —  ti 


8in^-:---?r ? 


r 


►  +  etc. 


) 


As  n  is  large,  this  represents  various  very  narrow  spectral  lines  whose 
light  does  not  overlap  and  thus  the  diflferent  terms  are  independent  of 
each  other.  Indeed  in  obtaining  this  expression  the  products  of  quan- 
tities have  been  neglected  for  this  reason  because  one  or  the  other  is 
zero  at  all  points.  These  lines  are  all  alike  in  relative  distribution 
of  light  and  their  intensities  arid  positions  are  given  by  the  following 
table: 


Places. 

ba^ 
etc. 


Intensities. 

Jiibna,) 
Jx  {bfi^ffi) 

J!  (b/i^,) 
etc. 


Designations. 

Primary  line 

Ghosts  of  1st  order. 

Ghosts  of  2d  order. 

Ghosts  of  3d  order, 
etc. 


Hence  the  light  which  would  have  gone  into  the  primary  line  now 
goes  to  making  the  ghosts,  so  that  the  total  light  in  the  line  and  its 
ghosts  is  the  same  as  in  the  original  without  ghosts. 

The  relative  intensities  of  the  ghosts  as  compared  with  the  primary 
line  is 

J:  {btxa^ 


He?.-kt  a.  Bowlasb 


This  for  very  weak  ^loete  of  the  bat,  t 
becomes 


.■a),  i(=.v-JJ.  i(. 


The  iiiteiinty  of  the  ghosts  of  the  fint  oider  Tmnes  as  the  sqausa 
the  order  of  the  epectnnn  and  as  the  sqvare  ot  the  rdatne  displn 
meot  as  compared  with  the  grating  space  m^  "Odm  is  the  suae  lav  as 
we  before  found  for  other  errors  of  ruling,  attd  H  tt  amj  to  prore  ibst 
it  ifi  general.     Hence 

The  tffect  of  small  errors  of  rnHny  w  t»  frodma  diffmttd  HgU  ttimini 
the  spectral  Hnet.  This  diffused  HgU  is  stMrmetai  fnm  Of  HfU  ef  Ou 
primary  line,  and  Us  comparative  amotimt  ram*  M  fkt  tqwart  of  " 
relative  error  of  ruling  and  the  square  of  the  ordtr  ^  tlka  apactrum. 

Thus  the  effect  of  the  periodic  error  is  to  itiminJinh  the  iotennl;, 
the  ordinary  spectral  lines   (primary  lines)  fiom  the  inieaai^  1 
Jt'ib/aij),  and  surround  it  with  a  symmetrical  system  of  lines  0 
ghosts,  whose  intensities  are  given  abore. 

When  the  ghosts  are  very  near  the  primary  line,  aa  they  nearijiln 
are  in  ordinary  gratings  ruled  on  a  dividing  engine  with  a  large  dod 
of  teeth  in  the  head  of  the  screw,  we  shall  have 

J,'ba,  U  +  ^\  +  J!ba,  L—  ^\  =  ij.'ba,^  nearly. 

Hence  the  total  light  is  by  a  known  theorem, 
./.'  i-  2  [^  +  J;  +  eta]  =  1. 

Thus,  in  all  gratings,  the  intensity  of  the  ghosts  as  well  ai 
diffused  light  increases  rapidly  with  the  order  of  the  spectrum- 
is  often  marked  in  gratings  showing"  too  much  crystalline  struct 
For  the  ruling  brings  out  the  structure  and  causes  local  dUIereno 
ruling  which  is  equivalent  to  error  of  ruling  as  far  as  diffused  b^ 
concerned. 

For  these  reasons  it  is  best  to  get  defining  power  by  using  h 
gratings  and  a  low  order  of  spectra  although  the  increased  perfectio 
the  smaller  gratings  makes  up  for  this  defect  in  some  respects. 

There  is  seldom  advantage  in  making  both  the  angle  of  incij 
and  diffraction  more  than  45°,  but,  if  the  angle  of  incidence  is  0 
other  angle  may  be  60°,  or  even  70°,  as  in  concave  gratings. 
theory  and  practice  agree  in  Ihese  statements. 

Ghosts  are  particularly  objectionable  in  photographic  plate?,  es 
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ally  when  they  are  exposed  very  long.    In  this  case  ghosts  may  be 
bronght  out  which  would  be  scarcely  visible  to  the  eye. 
As  a  special  case,  take  the  following  numerical  results: 

If=  12  3 

a.       ""  25 '     50  '     100         25 '     50 '     1 00        25 '    50 '     100 ' 

1  1  111  111 


/  «  ai_y_    11  1  111  11 

\       aJ^eS'    262'     1008        16'     63'    252         7'    28' 


102' 


in  a  grating  with  20,000  lines  to  the  inch,  using  the  third  spectrum, 
¥e  may  suppose  that  the  ghosts  corresponding  to  -*  =  ^  will  be  visible 

tod  those  for  -*  =  o^  very  troublesome.    The  first  error  is  a^  =TinriTnnr 

in.  and  the  second  a^  =  5  ^  Jq  ^  ^  in.    Hence  a  periodic  displacement  of 

•toe  millionth  of  an  inch  will  produce  visible  ghosts  and  one  five  hun- 

I  fod  thousandth  of  an  inch  will  produce  ghosts  which  are  seen  in  the 

'  iBeand  spectrum  and  are  troublesome  in  the  third.     With  very  bright 

ifeetra  these  might  even  be  seen  in  the  first  spectrum.  Indeed  an  over 
I  €Q)06ed  photographic  plate  would  readily  bring  them  out. 

When  the  error  is  very  great,  the  primary  line  may  be  very  faint  or 

disappear  altogether,  the  ghosts  to  the  nimiber  of  twenty  or  fifty  or 

ttore  being  often  more  prominent  than  the  original  line.     Thus,  when 

bfia^  =  2-405,  5-52,  865,  etc.  =  2::N -^  , 
fbe  primary  line  disappears.    When 

bfia^=zO,   3-83,   7-02,  etc.  =  2?: JVT  ^ , 

the  ghosts  of  the  first  order  will  disappear.     Indeed  we  can  make  any 
iliost  disappear  by  the  proper  amount  of  error. 
Of  course,  in  general 

Jn  = «/ii  —  1   —  «A,  _  2  . 

V 

Thus  a  table  of  ghosts  can  be  formed  readily  and  we  may  always  tell 
hen  the  calculation  is  complete  by  taking  the  sum  of  the  light  and 
ading  unity. 


Hekbt  a.  Rowland 


ij:y  _?L  J,'  J*  j>   j;   j;    j;    j,'  j?  j;  j;  y »    /•,  j»  /■  j;; 


1 

3 

ouo 

980 

4 

932 

G 

833 

s 

716  . 

0 

.W6 

0 

050 

605 

000 

088 

882 

162 

0 

158 

0 

OSl 

820 

000 

0 

033 

016 

090 

020 

654 

000 

010  ... 
038  ... 

082  -ooa 

136  -005 

19*  013 

„-  .,1 

3SS  134 

■017  001 .. 

3ag  '18S 

■040  003  

lis  -286 

■095  017  008 ..... 

000  -163 

■178  -065  -018  -003  

004  -133 

■186  -079  -018  -003  

'  ^002   -183   -153   -098  ■Ol?  ■OOS      

1  eta. 

■    059    018  ■IBS  -181   -061    017  -008     

I   <O0O  «tc. 

;  -018  -085   Oil  -035    114    103  -050  -018  -003  -001     

003  065  -003  048  -068  -009  -047  101  OSl  051  028  -Oil  >DDS  1 
This  table  shows  how  the  priniary  line  weakens  and  the  gh( 
strengthen  as  the  periodic  error  increases,  becoming  0  at  2::^  =2^ 
It  then  strengthens  and  weakens  periodically,  the  greatest  st 
being  transferred  to  one  of  the  ghosts  of  higher  and  higher  order 
the  error  increases. 

Thus  one  may  obtain  an  estimate  of  the  error  from  the  appe«ni 
of  the  ghost. 

Some  of  these  wonderful  effects  with  20  to  50  ghosts  stronger  ti 
the  primary  line  I  have  actually  observed  in  a  grating  ruled  on  one 
my  machines  before  the  hearing  end  of  the  screw  had  been  smooth* 
The  effect  was  very  similar  to  these  calculated  results. 

Double  Periodic  Emtos 
Supposing  as  before  that  there  is  no  overlapping  of  the  I 
have  the  following: 

Fiaen.  Inttntitif. 


[/,  (Aff,;i)  Ji  (Sfl^l]'   j- Primary  line. 


[J,(ba,„,)  /.(AfvO]* 


Ghosts  of  1st  order, 
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Plaeei.  ItUeruitieB. 

)..  =  ,z±?L^«  [j;(ja,/x.)  c7i(ft(i..«.;r 


Ohosts  of  2d  order. 


^  Ohosts  of  3d  order. 


etc. 


3«, 


etc. 


Each  term  in  this  table  of  ghosts  simply  expresses  the  fact  that  each 
periodic  error  produces  the  same  ghosts  in  the  same  place  as  if  it  were 
the  only  error,  while  others  are  added  which  are  the  ghosts  of  ghosts. 
The  intensities,  however,  are  modified  in  the  presence  of  these  others. 

Writing  Cj  =  ba^fi  and  c,  =  Ja/*,. 

The  total  light  is 


J.'Cc,)  J,^ (C) -^ 


I  +  zj.  (CO  J,  (c;  j      ^_^  2.7,«  (c)  Ji  (c) ) 


+  etc. 


which  we  can  prove  to  be  equal  to  1. 

Hence  the  sum  of  all  the  light  is  still  unity,  a  general  proposition 
which  applies  to  any  number  of  errors. 

The  positions  of  the  lines  when  there  is  any  number  of  periodic 
errors  can  always  be  found  by  calculating  first  the  ghosts  due  to  each 
error  separately;  then  the  ghosts  due  to  these  primary  ghosts  for  it  as 
if  it  were  the  primary  line,  and  so  on  ad  infinitum. 

In  case  the  ghosts  fall  on  top  of  each  other  the  expression  for  the 
intensity  fails.  Thus  when  62  =  2^1,  e8  =  3«i>  ®^c.,  the  formula  will 
need  modification.  The  positions  are  in  this  case  only  those  due  to  a 
single  periodic  error,  but  the  intensities  are  very  different. 


Place*. 


InUnsitUB. 


lJ,(ba,.u}  J,(ba^-)]\ 
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etc.  etc. 

We  have  hitherto  considered  cases  in  which  the  error  could  not  be 
corrected  by  any  change  of  focus  in  the  objectiTe.  It  is  to  be  noted, 
however,  that  for  any  given  angle  and  focus,  every  error  of  ruling  cm 
be  neutralized  by  a  proper  error  of  the  surface,  and  that  all  the  rtsnlts 
we  have  hitherto  obtained  for  errors  of  ruling  can  he  produced  by  erron 
of  surface,  and  many  of  them  by  errors  in  size  of  groove  cut  by  the  dia- 
mond. Thus  ghosts  are  produced  not  only  by  periodic  errors  of  ruling 
but  by  periodic  waves  in  the  surface,  or  even  by  a  periodic  varialion  in 
the  depth  of  ruling.  In  general,  however,  a  given  solution  will  ap[il/ 
only  to  one  angle  and.  consequently,  the  several  results  will  not  be 
identical;  in  some  cases,  however,  they  are  perfectly  bo. 

Let  us  now  take  up  some  cases  in  which  change  of  focus  can  octor. 
The  term  utr'  in  the  original  formula  must  now  be  retained, 

Let  the  lines  of  the  grating  be  parallel  to  each  other.  We  can  thai 
neglect  the  terms  in  z  and  can  write  r'  =  y'  very  nearly.  Hence  ths 
general  expression  becomes 


/•" 


"v'ids. 


where  ■  depends  on  the  focal  length.     This  is  supposed  to  be  «(! 
large,  and  hence  c  is  small. 

This  integral  can  be  divided  into  two  parts,  an  integral  o»er  tl 
groove  and  the  intervening  space,  and  a  summation  for  all  the  g 
The  first  integral  will  slightly  vary  with  change  in  the  distance  ol  l] 
grooves  apart,  but  this  eifect  is  vanishingly  small  compared  with  l! 
effect  on  the  summation,  and  can  thus  be  neglected.  The  displu 
ment  is  thus  proporlional  fo 


Case  I. — Lines  at  Variable  Distancks 
In  this  case  we  can  write  in  general 

y=^an  +  fliJi'  +  a,n'  +  etc. 
As  «,  a„  a,,  etc.,  are  small,  we  have  for  the  displacement,  n^lecf 


the  products  of  small  quantities, 


It  ((■  (on  +  OiH"  +(i,n"  + 
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Hence  the  term  a^n^  can  be  neutralized  by  a  change  of  forms  ex- 
pressed \yj fiaiSf=Ka^.  Thus  a  grating  having  such  an  error  will  have 
a  different  focus  according  to  the  angle  n,  and  the  change  will  b^  +  on 
one  side  and  —  on  the  other. 

This  error  often  appears  in  gratings  and,  in  fact,  few  are  without  it. 

A  similar  error  is  produced  by  the  plate  being  concave,  but  it  can 
be  distinguished  from  the  above  error  by  its  having  the  focus  at  the 
nme  angle  on  the  two  sides  the  same  instead  of  different. 

According  to  this  error,  a^ti^,  the  spaces  between  the  lines  from  one 
tide  to  the  other  of  the  grating,  increase  uniformly  in  th4  same  manner 
18  the  lines  in  the  B  group  of  the  solar  spectrum  are  distributed.  For- 
tonately  it  is  the  easiest  error  to  make  in  ruling,  and  produces  the  least 
dunage. 

The  expression  to  be  summed  can  be  put  in  the  form 

V^  [1  +  ib  (fiOi  -  Ki^)  n*  +  ibfia^n*  +  tA  [/i/i,  +  ib  {im^  -  ita*)']  n*  +  etc.] 

The  summation  of  the  different  terms  can  be  obtained  as  shown 
Wov,  but,  in  general,  the  best  result  is  usually  sought  by  changing 
fl«  focus.  This  amounts  to  the  same  as  varying  «  until  (xa^  —  « a*  =  0 
••before.  For  the  summation  we  can  obtain  the  following  formula  from 
tte  one  already  given.    Thus 

•  sin  p 

leDce 

2H-lnme«pn  =  --i_  e«P(n  -»)  f/.   4-  ^n  -  1)  T  !15^ . 

(2i)"  \ap         ^  ^  I      %iiip 

When  n  is  very  large,  writing  ^^  =  pn  =  ^riVn  +  g,  we  have 

Whence  writing 

c     =  b  (fia^  —  Ka*) , 

r"  =  >  \jia^  +  ib  (/xa^  -  ««*)*] , 
c"'  =  etc., 


«,.•«—>  .1.*  >.%•  •^.  -i»  /•  ••  • 
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the  summation  is 


W 


J    Bin  q  _  —  8g  COS  y  +  (2  —  g'  1  ain  g 


<;/ 


g  (6  —  g')  coBg- 


-  Sg*)  gin  q 


etc. 


etc. 


These  equations  serve  to  calculate  the  distribution  of  light  intensity 
in  a  grating  with  any  error  of  line  distribution  suitable  to  thie  method 
of  expansion  and  at  any  focal  length.  For  this  purpose  the  above 
summation  must  be  multiplied  by  itself  with  -{- 1  in  place  of  —  t. 

The  result  is  for  the  light  intensity 

^  d    sin  g 


(„5|I,(., 


-  +  etc. 


H<f- 


h  etc. 


+  3«'  TT   ■ 


d'  Big  q 


..}•. 


I,       16  j^       q 

As  might  have  been  anticipated,  the  effect  of  the  additional  terms  is 
to  broaden  out  the  line  and  convert  it  into  a  rather  complicated  group 
of  lines,  iis  can  sonieliiucs  be  observed  with  a  bad  grating.  At  any 
given  angle  the  same  effect  can  be  produced  by  variation  of  the  plate 
from  a  perfect  plane.  Likewise  the  effect  of  errors  in  the  ruling  may 
be  neutralized  for  a  given  angle  by  errors  of  the  ruled  surface,  as  noted 
in  the  earlier  portion;^  of  the  paper. 
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0.  106,  p.  110.  189S;   PhilotophiMl  Magaiine  [6], 
Iff  arul  AilroPI>ii"<$.  XII,  321-317.  18BS1 

Pkefatobt  Note 
During  the  last  ten  jears  I  have  made  many  observatiooB  of  wave- 
nglhs,  and  have  published  a  preliminary  and  a  final  table  of  the  wave- 
■ngthB  of  several  hundred  lines  in  the  solar  spectrum. 
For  the  purpose  of  a  new  table  I  have  worked  over  all  ray  old  obeerva- 
.ions,  besides  many  thousand  new  ones,  principally  made  on  photo- 
graphs, and  have  added  measurements  of  metallic  lines  so  ns  to  make 
he  number  of  standards  nearly  one  thousand. 

Nearly  all  the  new  nieafeurementa  have  been  made  on  a  new  measur- 
ing machine  whose  screw  was  specially  made  by  my  process'  to  cor- 
■espond  with  the  plates  and  to  measure  wave-lengths  direct  with  only 
a  small  correction. 

The  new  measures  were  made  by  Mr.  L.  E,  Jewell,  who  haa  now  be- 
come so  expert  as  to  have  the  probable  error  of  one  setting  about  tVbj 
division  of  Angstrom,  or  1  part  in  5,000,000  of  the  wave-length.  lUany 
of  these  observations,  however,  being  made  with  different  measuring 
instniments,  and  before  such  experience  had  been  obtained,  have  a 
greater  probable  error.  This  is  especially  true  of  those  measurements 
made  with  eye  observations  on  the  spectrum  direct.  The  reductions  of 
the  reading  were  made  by  myself. 

Many  gratings  of  6  in.  diameter  and  21J  feet  radius  were  used;  and 
the  observations  were  extended  over  about  ten  years. 

The  standard  wave-length  was  obtained  as  follows:  Dr.  Bell's  Tolue 
of  Di  was  first  slightly  corrected  and  became  589ri-20.  C.  S.  Peiree'a 
value  of  the  same  line  was  corrected  as  the  result  of  some  measurements 
Hiade  on  his  grating  and  became  5tl96!30.  The  values  of  the  wave-length 
then  become 


'  See  Encyc.  Brl 
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Observer.  O 

Angstriim,  corrected  by  Thalen 5R95?1 

Miilier  &  Kerapf     5896-25 

Kuribaura     5895-90 

Peirce 6896-20 

Bell 5896  20 

Mean   5896156 


mportant  for  apectroecopic  ffork 
i  value  without  further  remark.    J 


As  the  relative  values  are  i 
tbaD  the  absolute,  1  take  thi& 
utilized  as  foUowe: 

Ist.  By  the  method  of  coincideneca  with  the  concave  grating,  the 
wave-lengths  of  14  more  lines  throughout  the  visible  epectnun  w 
determined  from  this  with  great  accuracy  for  primary  atandarde. 

2d.  The  solar  standards  were  measured  from  one  end  of  the  speetnin 
to  the  other  many  times;  and  a  curve  of  error  drawn  to  correct  to  these 
primary  Btandards. 

3d.  Flat  gratings  were  also  used. 

4th.  Measurements  of  photographic  plates  from  10  to  19  inches  long 
were  made.  These  plates  had  upon  them  two  portions  of  the  mIk 
spectrum  of  different  orders.  Thus  the  blue,  irioiet  and  ultra  vislti 
spectra  were  compared  with  the  visible  spectrum,  giving  mauj  cli«*» 
on  the  first  series  of  standards. 

5th.  Measurements  were  made  of  photographic  plates  having  th« 
solar  spectrum   in  coincidence  with  metallic  spectra,  often  of  t 
orders,  thus  giving  the  relative  wave-lengths  of  three  points  in  tl 
spectrum. 

Often  the  same  line  in  tho  ultra  violet  had  its  wavivlength  detw 
mined  by  two  different  routes  back  to  two  different  lines  of  the  v 
spectrum.     The  agreement  of  these  to  -j-J-|j  division  of  AngetTom  i 
nearly  every  case  showed  the  accuracy  of  the  work, 

Gth.  Finally,  the  important  lines  had  from  10  to  20  measurements  a 
them,  connecting  them  with  their  neighbors  and  many  points  in  t 
spectrum,  both  visible  and  invisible;  and  the  mean  values  bound  I 
whole  system  together  bo  intimately  that  no  changes  could  be  made 
any  part  without  changing  the  whole. 

This  unique  way  of  working  has  resulted  in  a  table  of  wave-lengt 
from  3100  to  7700  whose  accuracy  might  be  estimated  as  follows: 

Distribute  less  than   xiv  dhision  of  Angstrom  properly  througha 
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the  table  as  a  correction^  and  it  will  become  perfect  within  the  limits 
2400  and  7000. 

The  above  is  only  a  sketch  of  the  methods  used.  The  complete  de- 
tails of  the  work  are  ready  for  publication  but  I  have  not  yet  found  any 
journal  or  society  willing  to  undertake  it.* 

[The  tables  of  waTe-lengths  are  omitted.] 

'  [These  details  were  flDally  published  in  the  Memoirs  of  the  American  Academy  of 
Arts  and  Sciences,  XII,  101-186,  1896,  under  the  title,  «  On  a  Table  of  Standard  WaTe- 
Lengths  of  the  Spectral  Lines/] 


ON  A  TABLE  OF  STANDARD  WAVE-LENGTHS  OF  THE 
SPECTRAL  LINES' 


and  Scirnrtf.  Xfl.  lOI-ISS, 


a  Mat  10,  I89S 


iDTiitigtilloai 


a  Light  and  Tleat,  made  si 
prUtion  troni  th. 


ratings  and  dis-  j 


Some  years  since,  having  made  a  macliine  for  ruling  gratings 
covered  the  concave  grating,  which  placed  in  my  hands  an  eKeileiil 
process  for  photographing  spectra,  I  applied  myself  to  photograpi  the 
solar  spectrum.  The  property  of  the  concave  grating,  monnted  in  tiie 
method  which  I  use,  of  producing  a  normal  spectrum  gave  me  Its 
means  of  adding  a  scale  of  wave-lengths,  and  so  producing  a  photo- 
graphic map  of  the  solar  spectrum  on  a  very  large  scale  and  of  gw** 
accuracy.  I  soon  after  constructed  a  very  much  better  ruling  engine. 
which  is  kept  at  a  uniform  temperature  in  the  vault  of  the  newphysi*! 
laboratory  of  the  Johns  Hopkins  University,  with  which  I  haveotfi* 
very  much  better  gratings.  I  therefore  went  over  the  whole  procw 
once  more,  extending  the  map  to  include  B,  and  making  new  negatiTK 
of  the  whole  spectrum  very  much  better  than  the  old.  This  set  of  leu 
photographic  plates  is  now  familiar  to  most  spectroscopists. 

In  order  to  place  the  scale  on  the  negatives,  it  waa  necessary  to  know 
the  wave-lengths  of  certain  standard  lines.  Of  course  my  first  lho\ipi' 
was  of  Angstrom,  whose  measurements  were  the  wonder  of  hie  tiffl*- 
Ou  tr^'iug  to  place  my  scale  according  to  his  figures,  I  found  it  inipM- 
sible  to  make  them  and  my  photographs  agree;  and  I  finally  was  foTC» 
to  the  conclusion  that  a  new  series  of  standards  was  needed  before  I 
could  go  further.  Here  again  the  concave  grating  came  to  my  rescA 
All  the  spectra  are  in  focus  at  once,  and  relative  measures  can  thus 
made  at  once  by  micrometric  measures  of  the  overlapping  spectn. 
Again,  the  spectrum  is  normal,  and  so  a  micrometer  of  very  long 
could  be  used.  To  obtain  the  primary  standards  by  means  of  overii^ 
ping  spectra,  I  have  used  gratings  with  from  3000  up  to  20,000  liaee 


of  this  paper  I 
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the  inch,  and  from  13  to  21J  feet  focus.  The  first  series  made  with  the 
13-foot  grating  by  Mr.  Koyl  in  1882  was  not  found  quite  accurate 
enough,  and  I  have  since  made  personaUy  a  long  series  with  gratings 
of  21J  feet  focus  which  is  much  more  accurate.  These  long  fociia  grat- 
ings had  from  7000  to  20,000  lines  to  the  inch,  and  were  ruled  on  two 
dividing  engines,  while  the  13-foot  one  had  a  less  number,  possibly 
3000.  There  are  two  principal  crr»rB  to  guard  against  in  this  method, 
the  first  peculiar  to  the  method  of  coincidences,  and  the  second  to  any 
method  whore  gratings  are  used."  The  first  is  that,  where  spectra  are 
over  each  other  and  the  lines  therefore  often  on  top  of  each  other,  the 
line  of  one  spectrum  may  be  apparently  slightly  displaced  by  the 
presence  of  one  from  another  spectrum,  although  the  latter  may  be 
almost  invisible.  The  use  of  proper  absorlients  obviates  this  difficulty. 
The  second  source  of  error  is  more  subtle,  and  arises  from  the  diamond 
ruling  differently  on  different  parte  of  the  grating.  It  is  more  apt  to 
occur  in  concave  gratings  than  plane  ones,  although  few  are  perfectly 
free  from  the  error,  as  it  is  very  difficult  to  get  a  diamond  to  rule  a 
concave  grating  uniformly.  Looking  at  the  grating  in  spectra  of 
different  orders,  the  grating  may  appear  uniform  from  end  to  end  in 
one,  and  possibly  brighter  at  one  end  than  the  other  in  another  spec- 
trum. This  gives  a  chance  for  any  imperfection  in  the  form  of  the 
surface  of  the  grating,  or  any  errors  in  its  ruling,  or  indeed  the  spheri- 
cal aberration  of  the  lenses  or  concave  grating,  to  affect  the  measure- 
ment of  relative  wave-iength.'  This  error  I  have  guarded  against  by 
using  only  uniformly  ruled  gratings,  reversing  them,  and  using  a  great 
number  of  them.  I  have  also  used  the  coincidence  of  only  the  lower 
orders  of  spectra,  such  as  the  2d,  3d.  4th.  5th,  and  6th.  Coincidences 
up  to  the  12th  were,  however,  obserrcd  by  Mr.  Koyl  with  the  13-foot 
concave,  and  probably  have  some  errors  of  this  nature. 

In  this  way  I  established  about  fifteen  points  in  tlw  visible  spectnim 
which  served  as  primary  standards.  These  were  so  interwoven  by  the 
coincidences  that  I  have  great  confidence  in  the  value  of  most  of  them. 


'The  vnrUtlon  ot  the  dlipersioo  of  tho  «lr  wllh  the  tbermometer  ind  barometer 
I*  probably  not  worth  i:oDilderluj{  tar  the  vlsllile  |ikrt  ot  tbe  spectram,  aUhougb  It 
miiclit  be  wortb  Invaitli'itlnif  tnt  tbe  two  eitrsmltlei  ot  tbe  ipectrum. 

mlng  gritlngi  nt   Tarlable  brlgbtncM  In  diRercot  parts,  or  Iboae 
wllb  Impprtect  ruling  of  any  kind,  1  haie  couiMutly  gaarded  Igiliiit.     8urb  I  be- 
lieve to  be  the  priDelpal  caaiea  ot   tbe  great  errors  In  reUtlve  and  absolale  wire- 
lengtba  In  Vogel'*  lablBe,  »  the  gratlogB  he  ueed,  made  by  WHndtchaft,  were  tall  ot 
1  of  all  kinds. 
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Indmd.  no  procesB  of  angniar  measurement  could  approacb  the  accuni? 
of  thisotte. 

Tbui,  nsiiig  «  line  P  to  start  with,  I  determine  other  groups  ol  lines, 
a',  **,  c'.  'f.  etc.  From  these  again  I  find  groups,  some  of  which  m»y 
bs  the  aune  as  the  first;  then  again  from  these,  other  groups,  Ths 
pn>e«w  <:an  be  continued  further,  but  we  are  apt  to  come  back  to  thn 
anw  lin*«  again,  and  we  are  further  limited  by  the  risibility  of  the 
lines.  ThiiB  the  limit  of  great  accuracy  by  eye  observation  in  either 
<tincti(ia  is  practically  4300  and  7000;  although  in  a  dark  room,  especi- 
■Uy  in  the  first  spectrum,  one  can  see  much  further,  even  beyond  the -1 
j^up,  olthongb  it  ie  difficult  to  set  on  tlte  lines,  nnd  one  is  apt  to  mi^ 
take  groups  of  lines  for  single  lines.'  WTien  one  uses  a  group  as » 
fttsadazd,  nnd  one  or  more  of  the  group  is  an  atmogpharic  line  vMch 
varies,  the  measures  will  of  course  vary  also,  unless  the  atmosiphenf 
Una  is  in  the  centre  of  the  group.  This  is  a  very  common  source  •>( 
«rror.  and  has  caused  me  much  trouble.  In  a  grating  with  a  "T 
brieht  sw'nd  sppctnim,  I  have,  however,  obtained  the  coiunilcnc*"''' 
with  Ihw  region  whose  wave-length  is  about  5080,  and  liave  thus  ean- 
finned  the  value  given  in  my  preliminary  table,  which  was  obtained  tiv 
M  »rry  long  interpolation  passing  from  the  first  into  the  eecond  sp*- 
trum. 

Thtf  accuracy  of  these  primary  standards  can  be  estimated  from  the 
et(uatiocs  given  in  Table  VTT.  It  is  there  seen  that  there  is  KSffelj 
any  difference  in  the  different  measures  as  derived  from  different  line*- 

It  i«  I*t  be  specially  noted  that  the  wave-length  of  P  and  the  liM* 
directly  determined  from  it  have  no  more  weight  than  any  of  iht 
others.  The  table  might  just  as  well  have  been  arranged  with  the  P 
line,  or  any  other,  first.  The  true  way  of  discussing  the  resulle  i*  ^ 
form  a  series  of  linear  equations,  about  twenfy^ix  in  ail.  and  to\f* 
th«m.  This  is  the  method  T  have  used,  although  I  have  not  dii 
thtfui  by  the  method  of  least  squares.' 

Sxne  miscellaneous  observations  not  included  in  the  ta,ble  alloi 
Me  to  add  a  few  more  lines  to  these  primary  standards. 

Having  completed  these  primary  standards,  1  then  observed 

*  1b  1)  *«rt  bright  gr&tlncr  1  faavB  fitntlj  seen,  knd  Gven  meuiDred,  Itnei 
«*»«-t*«xlh  S500.  My  BBsiBtaDt,  Mr.  L.  E.  Jewell,  can  see  t»  Into  nbit 
tte  «)tr*  *lolet,  even  to  waTe-leoicth  SfiOO  or  beyond. 

*Tb*  CklruUtlou*  ot  this  paper  have  Idvolved  aboat  a  millloD  flgares,  of 
hk«*  )>«ntiDilt]r  wrltleD  more  than  halt.     Henua  I  &m  not  tmioas  tor  more 
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hundred  standard  lines  in  the  vieibie  spectrum,  including  these  primary 
atandarda,  with  a  micrometer  having  a  range  of  five  inches,  and  very 
accurately  made.  The  spectrum  being  strictly  normal,  the  readings  bo 
made  were  proportional  to  the  wave-length.  They  could  have  been  used 
simply  to  interpolate  hetwcEU  the  primary  standards,  but  I  preferred 
another  method.  The  readings  of  the  micrometer  were  made  to  over- 
lap, so  that,  by  adding  a  constant  to  each  set,  a  continuous  series  could 
be  formed  for  the  whole  epectrujn  which  would  be  proportional  to  the 
wave-length  except  for  some  slight  errors  due  to  the  working  of  the 
apiHirutus  for  keeping  the  focus  constajit.  Making  this  series  coincide 
vith  tvo  staudards  at  the  ends,  the  wave-lengths  of  all  could  be  obtained 
hy  simply  multiplying  the  whole  series  by  one  number  and  adding  a 
constant.  This  usually  gave  the  wave-lengths  of  the  whole  spectrum 
within  0-1  or  0'2  divisions  of  Angstrom.  The  differences  of  this  aeries 
from  the  primary  standards  were  then  plotted,  and  a  smooth  curve 
drawn  through  the  points  thus  found.  The  ordinatee  of  this  curve 
then  gave  the  correction  to  be  applied  at  any  point. 

Il  is  to  be  noted  that  the  departure  from  the  normal  spectrum  was 
very  small,  and  the  correction  thus  found  was  very  certain.  The  cause 
of  the  departure  was  not  apparent,  but  may  have  Iwen  the  slight  tilting 
of  the  spectrum,  by  which  it  was  measured  somewhat  obliquely  at 
places. 

The  visible  spectrum  was  thus  gone  over  five  or  more  times  in  this 
manner,  with  several  different  gratings  and  in  different  orders  of  spectra. 
The  results  are  given  in  Table  X,  Columns  C,  R,  p,  q,  m,  0,  t,  ft,  t,  etc. 
The  spectrum  from  the  green  down  to  and  including  A  was  also  ob- 
served on  a  large  instrument  for  flat  gratings,  having  lenses  six  and 
one-half  inches  in  diameter  and  of  eight  feet  focus.  These  latter 
observations  are  marked  C".  This  region  I  intend  at  some  future  time 
to  observe  further. 

It  was  now  required  to  observe  the  ultra  violet  to  complete  tJie  series. 
For  this  purpose  the  coincidences  of  the  2d,  3d,  4th,  5th,  and  6th 
spectra  of  a  7000,  21J  feet  radius,  grating  were  photographed.  My  in- 
strument will  take  in  photographic  plates  twenty  inches  long,  but  there 
will  be  a  slight  departure  from  a  normal  spectnim  in  so  long  a  plate. 
Hence  plates  ten  inches  long  were  mostly  used  for  this  special  series. 
Before  the  camera  was  placed  a  revolving  plate  of  metal  about  three- 
sixteenths  of  an  inch  thick,  and  having  a  slit  in  it  of  the  same  width.' 


s  described  In  Ibe  Jobni  HcipKiDa  Circular  of  Ma;,  I 


I,  bj  Dr.  Anie*. 
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When  the  flat  eide  was  parallel  to  the  camera  plate,  a  strip  of  the 
apectrum  three-sLvteenths  of  an  inch  wide  fell  on  the  plate.  When 
turned  ninety  degrees,  the  plate  shielded  this  portion  and  exposed  the 
rest.  Using  absorbents,  it  was  thus  possible  to  photograph  a  strip  of 
Bay  the  4th  apeetrum  between  two  strips  of  the  5th.  This  arrangement 
IB  better  than  having  only  two  edges  come  together.  To  correct  any 
movement  of  the  apparatus  during  the  time  of  exposure,  I  expose  on 
one  spectrum,  then  on  the  other,  and  back  again  on  the  first. 

Placing  the  negatives  so  obtained  on  a  dividing  engine  with  a  micro- 
scope of  very  low  power  and  a  tightly  stretched  cross-hair,  the  coin- 
cidence of  the  two  spectra  can  be  measured.  Owing  to  the  large  scale 
of  the  photographs,— about  that  of  Angstrom, ^an  ordinary  dividing 
engine  having  errors  not  greater  than  -j-jVi  ™ch  can  be  used,  but  the 
negatives  sliould  be  gone  over  at  least  twice,  reversing  them  end  for 
end.  Two  screws  were  used  in  the  engine  and  finally  another  com- 
plete machine  was  constructed,  giving  wave-lengths  direct  with  only  a 
slight  correction.  For  determining  the  wave-length  of  metallic  lines, 
the  same  process  can  be  used  with  wonderful  accuracy. 

The  resnlts  are  given  in  the  columns  marked  PI.  with  the  number 
of  the  plates.  The  accuracy  is  very  remarkable,  and  I  think  the  figures 
establish  the  assertion  that  the  coincidence  of  solar  and  metallic  lines 
can  be  determined  with  a  probabie  error  of  one  part  in  500,000  by  only 
one  observation. 

This  process  not  only  gave  me  measures  of  the  ultra  violet,  but  also 
new  observations  of  the  visible  spectrum.  So  far  in  my  work  on  the?e 
coincidences,  I  have  only  listed  erythrosin  plates  going  a  little  below  D; 
but  cyanine  plates  might  be  used  to  B,  or  even  in  the  ultra  red,  as  Trow- 
bridge ha.s  recently  shown.  One  plate,  No.  20,  bowevor,  connects  wave- 
lengths f!400  and  3?00. 

Thus  I  have  constructed  a  table  of  about  one  thousand  lines,  more 
or  IcHS,  which  are  intertwined  with  each  other  in  an  immense  number 
of  ways.  They  have  been  tested  in  every  way  I  can  think  of  during 
eight  or  nine  years,  and  have  stood  all  the  tests;  and  I  think  I  can 
present  the  results  to  the  world  with  confidence  that  the  results  of  the 
relative  measures  will  never  be  altered  very  much.  I  believe  that  no 
systematic  error  in  the  relative  wave-lengths  of  more  than  about  ±-01 
exists  anywhere  except  in  the  red  end  as  we  approach  A.  Possibly 
±  03,  or  even  less,  might  cover  that  region. 

The  relative  measures  having  thus  been  obtained,  we  have  means  in 
the  concave  grating  of  obtaining  the  wave-lengths  of  the  lines  of  metals 
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to  a  degree  of  accuracy  hitherto  unknown,  and  thus  of  solving  the  great 
problem  of  the  mathematical  distribution  of  these  lines. 

But  for  the  comparison  of  spectra,  as  measured  by  different  observers, 
some  absolute  scale  is  needed.    Hitherto  Angstrom  has  been  used. 
But  it  is  now  very  well  known  that  his  standard  measure  was  wrong. 
As  his  relative  measures  are  also  very  wrong,  I  have  concluded  that  the 
time  has  come  to  change  not  only  the  relative  measures,  but  the  abso- 
lute also.     To  this  end  Dr.  Louis  Bell  worked  in  my  laboratory  for 
several  years  with  the  best  apparatus  of  modem  science,  using  two 
j^  and  two  speculum  metal  gratings,  ruled  on  two  dividing  engines 
with  four  varieties  of  spacing,  three  of  which  were  incommensurable 
or  nearly  so,  with  two  spectrometers  of  entirely  different  form,  with  a 
variety  of  standard  bars  compared  in  this  country  and  in  Europe,  and 
with  a  special  comparator  made  for  the  measure  of  gratings.     His  result 
agrees  very  well  with  the  next  best  determination,  that  of  Mr.  C.  S. 
Peirce  of  the  U.  S.  Coast  Survey.     His  final  result  agrees  within  1  in 
W,000  with  his  preliminary  value.^    This  most  recent  value,  combined 
with  those  of  Peirce,  Miiller  and  Kempf,  Kurlbaum  and  Angstrom,  I 
luive  adopted  to  reduce  my  final  results  to,  although  the  calculations  are 
^Jaade  according  to  Bellas  preliminary  value.     See  Appendix  A. 

But  it  rests  with  scientific  men  at  large  to  adopt  some  absolute 

■tiBdard.     The  absolute  standard  is,  of  course,  not  so  important  as  the 

'relative,  and  possibly  the  average  of  Angstrom  might  be  adopted.    But 

w  myself  I  do  not  believe  in  continuing  an  error  of  this  sort  indefi- 

«ely.    All  the  results  obtained  before  the  concave  grating  came  into 

^  were  so  imperfect,  that  they  must  be  replaced  by  others  very  soon. 

"ith  a  good  concave  grating  one  man  in  a  few  years  could  obtain  the 

^*»e-length8   of  the   elements  with   far  greater   accuracy   than   now 

As  an  aid  to  this  work,  I  have  constructed  the  table  of  wave-lengths 

in  this  paper,  which  have  already  been  adopted  by  the  British 

dation  and  by  the  most  noted  writers  of  Germany  and  other 

ies,  and  sincerely  hope  that  it  will  aid  in  the  work  of  making 

waTe-Iength  of  a  spectrum  line  a  definite  quantity  within  a  few 

Iths  of  a  division  of  Angstrom. 

Absolute  Wave-Lbngth  of  D 

Tbe  following  is  an  estimate  of  the  absolute  wave-length  of  the  D  line 
m  the  best  determinations.    First,  I  shall  recalculate  the  portion  of 
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Dr.  Bell's  paper*  in  whidi  the  calibration  of  the  grating  space'i 
into  account.  The  method  of  correction  is  founded  on  the  principle 
that  a  linear  error  in  the  spaces  only  affects  the  focal  length,  and  not 
tlie  angle,  and  that  small  portions  which  have  an  error,  and  thus  throw 
the  light  far  to  one  aide,  should  he  rejected.  The  corrections  Dr.  Bell 
has  used  seem  to  me  very  proper,  except  to  grating  III,  which  appears 
to  me  to  be  twice  too  great.     I  find  the  following: 


liatlDB. 

D. 

L'orrecllan. 

FlDBl  VBllUH. 

I. 

689680 

—  ■02 

5898-18 

11. 

589614 

+    09 

5396-23 

III. 

5896-28 

—  06 

5896-22 

IV. 

5896  14 

+   03 

5896-17 

lle.n  valus 

^  5896-30. 

,  "sCSCT 


This  is  very  nearly  the  value  given  by  Dr.  Bell. 

The  determination  of  Mr.  C.  S.  Peirce  of  Ihe  U.  S.  Coast  Surrey  Is" 
certainly  a  very  accurate  one.  Dr.  Bell  and  myself  have  made  some 
attempts  to  calilirate  his  gratings,  which  he  sent  to  us  for  the  purpose, 
and  to  correct  for  the  scale  used  by  him.  There  is  great  uncertainty 
in  this  process,  as  we  had  only  a  portion  of  the  necessary  data.  The 
correction  of  his  scale  was  also  uncertain,  because  the  glas8  scales  used 
by  him  may  have  changed  since  he  used  them,  in  the  manner  thermom- 
eter bulbs  are  known  to  change.  Correcting,  then,  only  for  the  error  of 
ruling  in  the  gratings,  we  have; 


Peirce' 
Correction 


■ahu' 


5896-20 


The  correction  for  the  w?iiK'  would  lie  iiboiit  ns  much  more  in  the  samf 
direction,  provided  the  gliiss  scnlcs  bad  not  changed.  But  it  is  too 
uncertain  to  be  used,  altlntngti  I  have  applied  it  in  my  preliminary 
paper, 

Kurlhaiim's  result,  made  with  two  good  modern  gratings,  has  the 
defect  that  the  gratings  were  42  and  43  mm.  broad,  quantities  which 
it  is  impossible  to  compare  accurately  with  a  metre.  His  small  objec- 
tives, out'  inch  in  diameter,  could  not  take  in  light  from  the  whole 
grating,  and  so  the  grating  i-jiacc  was  not  determined  from  the  portion 
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of  the  grating  used.     The  spectrometer  was  poor,  and  the  errors  of 

the  grating  undetermined. 
Hiiller  and  Kempf  used  four  gratings,  evidently  of  very  poor  quality, 

as  they  give  results  which  differ  1  in  10,000. 

The  result  of  Angstrom  was  a  marvel  at  the  time,  hut  the  Nobert 
gratings  used  by  him  would  now  be  considered  very  poor.  Taking 
Thal6n's  correction  for  error  of  scale,  we  have  for  the  mean  of  the  E 
lines  5269-80,  which  gives,  by  my  table  of  relative  wave-lengths,  D  = 
5895-81.  It  is  rather  disagreeable  to  estimate  the  relative  accuracy 
of  observations  made  by  different  observers  and  in  different  countries, 
but  in  the  interest  of  scientific  progress  I  have  attempted  it,  as  follows : 

Angstrom   5895-81  1 

Miiller  and  Kempf 5896*25  2 

Kurlbaum       5895-90  2 

Peirce     5896-20  5 

Bell     5896-20         10 

Mean,  5896-156  in  air  at  20°  and  760  mm.  pressure. 

This  must  be  very  nearly  right,  and  I  believe  the  wave-length  to  be 
*well  determined  as  the  length  of  most  standard  bars.  Indeed,  fur^ 
fter  discussion  of  the  question  would  involve  a  very  elaborate  discus- 
■on  of  standard  metres,  a  question  involving  endless  dispute.  I  think  we 
^JBAJ  that  the  above  result  is  within  1  in  100,000  of  the  correct  value, 
^ch  is  very  nearly  the  limit  of  accuracy  of  linear  measurements.  This 
ffcould  be  so,  as  the  probable  error  of  the  angular  measures  affects  the 
^Te-length  only  to  1  in  2,000,000,"  and  hence  nearly  the  whole  accuracy 
XBits  on  the  linear  measures. 

^  fifcsuKS  OF  Process  for  Obtaining  Relative  Wave-Lengths 

1.  Determination  of  about  20  lines  in  the  visible  spectrum  by  coin- 
ces  by  Koyl." 


'bnot  a  flrrating  and  spectrometer  thas  the  best  staDdard  of  length,  and  almost 

ident  of  the  temperature  ?    Gratings  of  10  cm.  length  can  now  be  rated  on 

JMW  engine  with  almost  perfect  accaracy,  as  seen  in  the  calibration  of  Grating 

fa  Dr.  Bell's  paper,  and  it  seems  to  me  the  time  has  come  for  their  practical  use. 

^ThMiaobserrations  of  Mr.  Koyl  were  finally  given  no  weight,  on  account  of  the 

Itflirior  Apparatus  used.     They  serve  a  useful  purpose,  however,  as  checks  on  the 

ilker  work. 
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2.  Determination  of  about  15  lines  in  the  visible  epectrmn  t 
cidences  by  Eowland,  using  several  gratings  of  21^  feel  focus. 

3.  Interpolation  by  direct  eye  observations  with  concave  gratings  a 
21J  feet  focus  and  micrometer  of  5  inches  range  and  of  almost  perfefl 
accuracy. 

4.  Interpolation  by  means  of  flat  gratings. 

5.  Measurement  of  photographic  plates  from  10  to  19  inches  long 
having  two  or  three  portions  of  the  spectrum  in  different  orders  o 
them,  thus  connecting  the  ultra  violet  and  blue  with  the  visible  spefr 
trum.  The  fact  that  nearly  the  same  values  are  obtained  for  the  violei 
and  ultra  violet  by  use  of  different  parts  of  the  visible  spectrum  prord 
the  accuracy  of  the  latter. 

6.  Measurement  of  photographic  plates  having  the  solar  visible  specs 
trum  in  coincidence  with  the  metal  lines  of  different  orders  of  speeln. 
The  fact  that  the  wave-lengths  of  the  metal  lines  are  very  nearly  tht 
same  as  obtained  from  any  portion  of  the  visible  or  ultra  violet  spM- 
trum  proves  the  accuracy  of  the  latter,  as  well  as  that  of  the  melallic 
wave-lengths. 

7.  Measurement  of  plates  having  metallic  spectra  of  different  ordert. 

Advantages  op  the  Pbocegs 

The  only  other  process  of  obtaining  relative  wave-lengths  is  bj 
means  of  angular  measures.  Supposing  the  angle  to  be  about  45',  i6 
error  of  1"  will  make  an  error  of  about  1  in  200,000  in  the  sine  cf  ill* 
angle.  When  one  considers  tlie  changes  of  temperature  and  baromcKr 
measuring  on  one  line  and  then  another,  together  with  the  enorfi 
graduation,  it  would  be  a  difficult  matter  to  measure  this  angle  toJf 
making  an  error  of  1  in  100,000,  or  about  ^  division  of  Angstron 

Looking  over  the  observations  of  principal  standards  made  li- 
the direction  of  Professor  Vogel  in  Potsdam,  with  very  poor  gratinj 
but  an  excellent  spectrometer,  we  find  the  average  probably  error  tR 
be  about  ±  -oVbttt  ''^  the  wave-length,  which  is  not  far  from  the  otlio 
estimate.  This  does  not  include  constant  errors,  and  I  believe  C 
probable  error  to  be  really  greater  than  this. 

The  method  of  coincidences  by  the  concave  grating  gives  far  sQpeii 
results.  The  distance  to  be  measured  is  very  small,  and  the  equivaU 
focal  length  of  a  telescope  to  correspond  would  be  very  great  (! 
feet).  Furthermore,  all  changes  of  barometer  and  thermometer  I 
eliminated  at  once,  except  the  small  effect  on  the  dispersion  of  the  « 
which,  when  known,  can  be  corrected  for.     It  is  not  to  be  wondered 
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mt  this  method  is  far  superior  to  the  fonner.  The  probable  error  is, 
ideed,  reduced  to  ±  i  mi  i turn)  "i"  ^'^'^  l^sa  for  the  best  linea.  Where 
le  interpolation  can  be  made  on  photographs,  this  probable  error  is 
ftrcely  increased  at  all;  but  even  taking  it  at  twice  the  above  estimate, 
le  method  even  then  remains  from  three  to  fife  times  as  accurate  as 
at  of  angular  measurement.  Indeed,  the  impression  made  on  my 
jnd  in  looking  over  Vogel's  Potsdam  observations  is,  that  my  tables 
id  process  are  ten  times  as  accurate  as  theirs;  and  I  think  any  careful 
udent  of  both  processes  will  come  to  a  similar  conclusion. 
The  wonderful  result  that  can  be  obtained  by  the  measurement  of 
kotographs  on  the  new  micrometer,  which  can  measure  plates  over 
Rnty  inches  long,  la  partly  seen  in  the  table.  Where  the  distance  is 
dy  a  few  inches,  the  wave-length  of  a  series  of  lines  can  be  measured 
ith  a  probable  error  of  less  than  ^-^t  of  a  division  of  Angstrom. 
ideed,  a  series  would  determine  any  line  so  that  the  probable  error 
Duld  be  even  ±-0000001  of  the  whole.  This  would  detect  a  motion 
I  the  line  of  sight  of  ±  140  feet  per  second ! 

Prom  the  tests  I  have  made  on  my  standards,  I  am  led  to  believe 
iMl  down  *o  wave-length  7000,  a  correction  not  exceeding  ±-0l 
Iviaion  of  Angstrom  (1  part  in  500,000),  properly  distributed,  would 
(dnce  every  part  to  perfect  relative  accuracy. 

icend  to  the  nest  degree  of  accuracy  would  need  many  small  cor- 

which  would  scarcely  pay.    It  is  reasonable  to  assume  that  a 

:ee  of  accuracy  will  not  be  needed  for  twenty-five  years,  as 

,t  degree  is  sufficient  to  distinguish  the  lines  of  the  different 

its  from  one  another  in  all  cases  that  I  have  yet  tried. 

Details  of  Work 
[To  reduce  all  the  observations  in  a  given  region  to  one  line,  relative 
rrations  extending  a  short  distance  either  side  of  the  standard 
n  are  necessary.  Thus  the  mean  of  4315  and  4222  can  be  taken  as 
K  stftndard,  and,  if  only  one  is  observed,  it  can  be  reduced  to  the 
Isrd  by  a  correction  -|-  3-358  or  — 3-358.     But  it  is  not  necessary 

■  like  the  mean  of  the  lines  as  a  standard,  as  any  one  of  them  may 

■  10  taken,  or  even  any  other  point  where  there  is  no  line,  as  the  point 
I'Saly  to  be  used  in  the  mathematical  work,  and  finally  disappears 

^'tfaer, 

[Tftble  n  gives  results  of  this  nature.  The  letters  at  the  top  of  each 
i,  e,  g,  h,  j,  etc.,  are  the  arbitrary  names  of  the  standards.  The 
t  columns  refer  to  the  series  of  observations,  "Co."  being  observa- 
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tions  made  at  the  time  of  meaauring  the  coinciiieucee:  Ptatts  9,  1 
refer  to  photograpliic  plates;  C,  B,  etc.,  refer  to  the  series  as  given  in 
the  final  table,  although  they  may  differ  very  slightly  from  the  IiHler, 
nti  the  final  table  containe  slight  corrections.  Figures  in  parentheses 
are  the  number  of  readings.  Tlic  photographs  were  usually  meaeured 
from  two  to  six  times. 

Table  III  gives  the  first  series  of  observations  made  in  1884  with 
a  21J  foot  concave,  14,436  lines  (o  the  inch.  The  numbers  taken  for 
the  standards  are  only  preliminary,  and  agree  as  nearly  as  practicable 
with  my  Table  of  Preliminary  Standards,  As  only  differmct^  are 
finally  used,  they  are  sufficiently  near.  The  fractions  give  the  order 
of  the  spectra  observed. 

Thus,  the  first  observation  on  ft  and  t  is  worked  up  as  follows: 


4C9I'590 


Correetion  to  standard. 


7027-778 
+2-785 


4691-590     4690-326 
—  626       +-62S 

ro2r-r78 

+8-786 

4690-964     4690-952 

4691-590 
—  626 

7030-563 

7040-098 
—9-547 

530-964 

7030-545 

4690-964 

7030-563 

■ii:m-i):,H 

7030-563 

4690  964 

7030-545 

4690-9G9 

7030-556 

The  equation  3  h  —  2  (  =  11-774  then  rendily  follows. 

Tables  IV  and  V  arc  from  a  21i  foot  concave  with  7218  lines  to  the 
inch,  used  on  both  sides,  and  thns  equivalent  to  two  gratings  used  on 
one  side  only.  I  have  not  yet  determined  theoretically  whether  the 
minor  errors  arc  perfectly  neutralized  in  this  manner,  but  it  would  evi- 
dently have  a  tendency  in  this  direction. 

The  photographic  coincidences  are  given  in  the  main  table  (X),  as 
not  only  the  standards  are  com|inred  by  this  process,  but  whole  regions 
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are  photographed  side  by  eidc.  Both  a  10,000  and  a  80,000  concave 
were  used  for  this  work. 

Table  VI  gives  the  collection  of  the  equations  relating  to  the  risible 
spectrum,  the  final  results  being  given  in  Table  VTI. 

The  proper  method  of  treating  these  twenty-six  equations  would  be 
by  the  method  of  least  squares.  But  it  would  he  so  long  and  tedious, 
and  80  liable  to  mistake,  that  I  have  adopted  the  method  of  starting  at 
one  point  and  going  forward  untO  all  the  equations  are  reached.  Thus 
(Table  VII),  starting  with  an  assumed  value  of  t,  we  can  calculate  p.  n, 
I,  k,  J,  0,  t. 

Using  the  eight  values  thus  found  once  more,  from  p  ve  have  g,  Jo,  I; 
from  n  we  have  h,  i,  g;  with  similar  results  for  the  others.  Collecting, 
we  then  have  e,  f,  g,  k,  j,  k,  I,  n,  o,  ji,  q,  t.  Using  these  once  more,  we 
have  values  of  all  the  standards.  We  could  do  this  any  number  of 
times,  keeping  the  proper  weights,  but  I  thought  this  number  was  suffi- 
cient. The  second  calculation  is  done  in  the  same  manner,  starting  from 
0,  however,  and  is  given  in  Table  VTII. 

The  result*  of  the  two  calculations  are  given  in  Table  IX.  Taking 
the  mean  and  adding  the  results  of  local  micrometer  meaBurements.  we 
obtain  the  column  marked  "  Relative  Wave-Length s," 

Beducing  these  values  by  1  part  in  200,000,  we  make  them  agree 
with  the  absolute  value  of  the  standard  as  before  agreed  upon.  Thus 
Ihe  eolumn  of  standards  is  obtained  for  use  in  the  visible  spectrum. 

For  ordinary  interpolation  with  the  short  and  imperfect  micrometers 
generally  used,  and  working  with  a  flat  grating  and  a  spectrum  not  nor- 
mal, the  standards  would  be  too  far  apart.  But  with  such  a  long  and 
perfect  micrometer  as  I  use,  and  working  with  the  normal  spectrum  of 
a  concave  grating,  they  are  entirely  sufficient.  However,  I  have  filled 
in  the  interval  from  7030  to  7Gai  by  some  extra  substaudards  at  7230. 

The  micrometer  for  eye  observationa  has  a  range  of  five  inches,  and 
the  machine  for  measuring  photographs  of  more  than  twenty  inches, 
both  with  practically  perfect  screws  made  by  my  process.  The  eye  ob- 
servations arc  not  an  interpolation,  in  the  ordinary  sense,  between  the 
standards,  but  the  whole  series  is  continuous,  the  micrometer  observa- 
tions overlapping  so  that  they  join  together  to  any  length  desired.  By 
measuring  from  the  I>  line  in  one  spectrum  to  the  D  line  in  the  next, 
and  including  tJic  overlapping  spectra,  no  further  sinndanis  would  be 
necessary,  as  all  the  lines  of  the  spectrum  would  be  determined  at  once, 
knowing  the  wave-length  of  the  D  line.  But  I  usually  plotted  the 
difference  of  the  standards  from  the  micrometer  determination,  usually 
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amounting  to  less  than  one-  or  two-tenths  of  a  division  of  Angstroin,  i 
60  corrected  the  whole  series  to  the  standards.  Sometimes  two,  or  e 
three,  overlapping  spectra  were  measured  at  once. 

To  make  Table  X,  the  following  proeesB  was  used: 

Ist.  From  all  the  observations  at  my  dispoaal,  I  deterniiaed  a  few 
more  lines  around  the  main  standards,  and  put  them  in  the  second  col- 
umn, marked  St.,  bo  that  I  should  have  a  greater  number  of  points  to 
draw  mj  curve  through. 

2d.  I  then  put  down  a  few  observations  which  were  made  by  meas- 
uring overlapping  spectra. 

3d.  Then  the  main  eye  observations  were  put  down  as  followe 

i  spectrum,  14.430  gtatltig. 

0  7085,         '         ■■ 

O  "  ■■  48.19  to  7M0,         "         "         •'         •■ 

c  "  ■■  4859  to  0079,  (frigmenUryl. 

C  •■  <'  B856  to  aeon,  'Sd  spectrom,  14,436  gnUof. 

fi  "  '■  6103  li>  7301,          '•          "          ■'          "          '■ 

h  <•  "  G743  to  7633,  Ut  spectrDEu,  14,436  gr&llu);. 

(  ■•  ■■  0005  to  7671,         

(y  '•  '>  assfi  to  T7U,  plana  grattng. 

S'  "  •'  5ISe  to  5290,  Sd  spectrum,  14,488  gntlng. 

(  "  -  «4!IB  to  6B3H,          "          "          •■          ■'          " 

„  .1  ..  6278  to  6333,          •■          "          ■'          "          " 

E  '■  "  4048  to  4834,          

4th.  The  scries  of  photographs  containing  coincident  s]>ectra,  mostly 
on  plates  so  short  as  to  make  the  spectra  nearly  normal,  were  now  in- 
troduced. The  plates  were  numbered  from  1  to  30,  Nos.  7  and  19  being 
rejected  because  imperfect. 

This  series  of  jihitcs  wiis  ol>f;uncd  by  jiholographing  a  narrow  strip 
of  one  spectrum  between  two  strips  of  another,  the  overlapping  spectra 
being  separated  hy  absorption.  In  order  to  eliminate  any  change  in 
the  apparatiiK  during  the  exposure,  the  latter  was  divided  into  three 
parts,  the  first  and  Ihiril  being  given  to  the  same  spectrum. 

This  series  of  plates  gives  nie  a  continuous  series  of  photographs  from 
wave-length  T?00  1o  Uie  e.xtreniity  of  the  ultra  violet  spectrum,  each 
part  being  interwoven  with  one  or  two  other  parts  of  the  spectrum. 
Tiius,  wave-lenglh  3'Jm  conies  from  :>W<i  and  5850  with  only  a  slight 
difference  in  values.  There  is  sciirecly  any  difference  in  any  wave- 
length a.s  derived  from  any  portion  of  the  spectrum;  thus  proving  the 
accuracy  of  the  whole  table.     The  description  of  the  plates  is  as  follows: 
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Photographic  Coincidekces 
concave,  a&atinq  10,000  line8  to  the  inch 

Spectra   Plate  Standtu 


■HOT  I 

o  4n4U  » 

.ad  33UI  to 

348U 

4637    ' 

'    4800 

"     fl*78    " 

30n7 

4838    ■ 

'    50H8 

..   Mia  ■• 

3806 

4eiB  > 

'    S1S3 

"   aflsa  - 

3875 

5050    • 

■    5388 

..     8T80  " 

4005 

50fl7    ■ 

<  e:(S8 

"     8831    " 

4167 

6242    • 

■    54T7 

"     39B7    '■ 

4131 

5405    ' 

•    HAS) 

"     4078    " 

it22 

S583   ' 

'■   6S16 

•■     43B8    •■ 

137B 

&TSB    < 

.   5»S4 

•■     4848    •■ 

4447 

4 1ST    ' 

•    4367 

..     3i2i(    .. 

3318 

4157    ' 

>   4S35 

'.     SOB*    " 

334fl 

8818   ■• 

3318 

4301    • 

•    464H 

■-     8383   ■■ 

3478 

6788    • 

'    5977 

■•     8884   - 

3977 

6788    ■ 

■    5117T 

■•     8854    ■' 

3tt84 

5715    ■ 

■   Sfl77 

■■     8875    " 

3877 

i 


5853    ■■   B569 


Flates  7,  14  and  19  were  imperfect,  owing  to  clouds  passing  over  the 
Bun,  although  a  part  (3218  to  3318)  of  Plate  14  was  used  for  interpola- 
tion, as  observations  were  scanty  in  that  region. 

It  ia  seen  that  some  of  the  plates  have  only  one  standard  upon  them. 
With  a  plane  grating  it  woidd  be  impossible  to  work  them  up,  but  with 
the  normal  spectrum  produced  by  the  concave  graling  only  one  is 
necessary,  as  the  mullipiier  to  reduce  readings  to  wave-lengths  is  nearly 
a  constanL  In  working  up  a  whole  series  of  plates,  there  is  no  trouble 
in  giving  a  proper  value  to  the  constant  for  any  plate  in  the  series 
which  has  only  one  standard. 

Plate  17  waa  measured  twice  by  two  dividing  engines,  and  as  it  was 
a  specially  good  plate,  each  measure  waa  given  a  weight  equal  to  one 
of  the  other  plates.  The  principal  error  to  be  feared  in  these  plates  is 
a  diBplacement  of  the  instrument  between  the  time  of  the  exposure  on 
the  two  spcfltTa.  This  was  guarded  against  by  the  method  above  de- 
scribed. In  Plates  17  and  20  there  was  a.  portion  of  the  plate  ou  which 
both  the  spectra  fell  all  the  time,  and  thus  gave  a  test  of  the  displace- 
ment. This  was  fouui]  to  be  zero.  The  other  plates  overlap  so  much 
that  there  are  generally  two  or  more  deternii nations  of  each  line.     A 
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comparii^oTi  of  those  value?  shows  little  or  no  $iysleniatic  nmatiotl  IB  t 
different  plates  exceeding  -^  division  of  Angstrom,  Plat**  16,  17,  1 
and  5,  6,  8,  ail  give  the  region  3900  as  derived  frum  5200  and  5S50,  and 
thus  give  a  test  of  the  relative  accnraej  of  tbeae  latter  n?gions. 
seen  that  the  two  resnlts  of  the  region  3900  differ  by  aboot  015  divisia 
of  Angptrom.  Were  the  wave-lengths  of  the  region  5170  to  5270  to  b 
increased  by  -020  the  discrepancy  would  ceas*.  The  amount  of  iliii 
quantity  seemB  rather  large  to  be  accounted  for  by  any  displacomeot  a 
the  Bpectra  on  the  plates,  but  etill  this  may  be  the  cause.  Again,  if  k 
poMihle  that  difFeront  gratings  may  give  this  difference  of  wave-lenplli 
from  the  cause  I  have  mentioned  above.  This  cause,  a.?  I  have  fbovn, 
exists  in  the  same  degree  io  plane  gratings  as  in  concave.  I  iisve  not 
attempted  to  correct  it  in  this  ease,  but  have  amply  taken  the  mean  of 
the  two  values  for  the  region  3900,  and  so  dietributed  the  error.  Thi! 
is  the  greatest  discrepancy  1  have  found  in  the  results  eiecpl  in  ti^ 
extreme  red. 

Thus  the  region  3100  to  3200.  a  portion  for  which  Plate  80  ia  Ube 
relied  upon,  gives  the  wavo*length  of  the  ultra  violet  -01  division  of 
Angstrom  higher  from  the  region  4200  than  from  6300.  Ag  the  lii^ 
crepaneiea  in  this  region  before  the  invention  of  the  concave  graling  «' 
often  a  whole  division  of  Angstrom,  I  have  regarded  this  result  at  Mlis- 
factory.  Indeed,  until  we  are  able  to  make  all  sorts  of  correctiiiiM  J"* 
to  the  change  in  the  index  of  refraction  of  the  air  with  the  Taromfte' 
and  thermometer,  it  seems  to  me  useless  to  attempt  further  accunc)'. 

With  the  advent  of  photographic  plates  into  the  table,  espeeiallt  the 
longer  ones  required  for  metallic  spectra,  it  Ijecomes  necessary  tn  roi 
rect  them  for  the  departure  from  the  normal  spectrum  due  to  Ibc  w 
of  long  plates.  The  plates  in  the  box  are  bent  to  the  arc  of  s  drcW  ffl 
radius  r.  When  afterwards  straightened  we  measure  the  distanw  ^  • 
linear  dividing  engine.  Hence,  what  we  measure  ie  the  arc  with  rsdinsf- 
Let «  and  ,5  be  the  angles  of  incidence  and  diffraction  from  ilie  g 
We  have  then  to  express  ,3  in  terms  of  S.  I<et  X  be  the  wBTe-lcngthi 
and  It  and  N  the  number  of  lines  on  the  grating  to  1  mm.  and  1\k  or^* 
of  the  spectrum  respectively.  Then 
)  _    1 


— t,  fain  o  +  sin  (9  ) ; 


Tn  these  formulas  a  is  the  angle  to  the  centre  of  the  photogisp™ 
plate,  and  ,?  and  "  are  also  measured  from  the  centre.      ;'  is 
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between  the  radius  from  the  centre  of  the  photographic  plate  and  the 
line  drawn  from  that  point  to  the  centre  of  the  grating.  When  prop- 
erly adjusted,  y  will  be  zero.  .  Also,  we  make  2  r  ^  i?,  to  obtain  perfect 
focus  throughout.     So  that 


=  ^(sina+sin4) 


Calling  ^othe  wave-length  at  the  centre  of  the  plate,  we  have  ap- 
proximately 

^- A.  =  J^-  "^  (A  -  ;.y  +  etc. 

The  first  quantity,  ^ — ^  is  the  value  of  / — Ao,  assuming  the  spectrum  to 

be  normal.  The  last  term  is  the  required  correction  expressed  in  terms 
of  the  provisional  wave-length.  The  correction  in  actual  practice  has 
been  made  from  a  plot  of  the  correction  on  a  large  scale,  and  never 
uu)nnted  to  more  than  a  few  hundredths  of  a  division  of  Angstrom,  even 
for  the  longest  plate. 

In  two  or  three  plates  the  camera  was  displaced,  so  that  /'had  a  value. 
In  sudi  cases  no  attempt  was  made  to  measure  y  ,  but  the  plates  were 
®xily  used  for  local  interpolation  by  drawing  a  curve  through  certain 
points  used  as  substandards. 

Tliese  substandards  were  principally  used  for  working  u])  the  last 
•et  of  photographic  plates  containing  the  solar  spectrum  and  the  metal 
■pectra  of  the  same  or  higher  orders,  or  both.  Some  of  them  contained 
*hiee  metallic  spectra. 

Thus  the  region  3900  in  the  solar  spectrum  has  been  obtained  from 
■Mh  wave-lengths  5200  and  5850.  The  mean  of  these  gave  values  of 
*he  substandards  for  working  up  the  plates  taken  at  this  point,  and 
^oiitaining  also  metallic  lines  at  2700. 

Again,  the  boron  lines  2496  and  2497  have  been  obtained  from  the 

HsionB  4800,  3200  and  3600.     The  mean  values  give  substandards  for 

'^riring  up  the  metallic  spectra  of  that  region.     Also  the  near  coinci- 

in  the  values  of  the  wave-lengths  of  these  lines  indicate  the  rela- 

**^e  accuracy  of  the  regions  2496,  3200,  3600,  and  4800. 

The  use  of  these  substandards  is  as  follows:    The  photographic  plates, 

^>«tly  19  inches  long,  were  measured  mostly  on  a  machine  giving  wave- 

i^gths  direct.     The  differences  of  the  results  from  the  substandards 

"^  then  plotted  on  a  paper  having  the  curve  of  correction  for  length 

n  it  in  such  a  way  that  the  final  marks  should  theoretically  be  a 

ight  line.     This  was  actually  the  case  in  all  but  a  few  plates,  in 
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which  tlie  camercL  was  diepUced.  A  straight  line  was  then  p 
all  the  marks  as  Bsarly  as  may  be,  and  the  correction  taken  off.  This 
correction  could  thus  be  obtaiue<l  to  -^Vj  divigion  of  Aogstroin,  and 
amounted  to  only  a  few  hundredths  of  a  division  at  most.  Possibly  -^ 
division  of  Angstrom  was  the  greatest  oorrectiou  required  for  length. 

In  this  way  each  plate  represents  the  average  of  aJl  the  wave-length 
determinations  throughout  its  extent,  and  will  not  &dmtt  of  any  correc- 
tion save  a  linear  one,  should  such  ever  be  re<)uired  in  working  over  the 
table  again. 

In  everj-  plate  having  a  solar  and  metallic  spectrum  upon  it,  Uiere  ^ 
often— indeed  always — a  slight  displacement,  This  i»  due  either  to 
some  slight  displacement  of  the  apparatus  in  changing  from  one epcctnim 
to  the  other,  or  to  the  tact  that  the  solar  and  the  electric  light  pas* 
through  the  slit  and  fall  on  the  grating  differently.  In  all  esses  an  at- 
tempt was  made  to  eliminate  it  by  exposing  ou  the  solar  spectrum,  both 
before  and  aft^r  the  arc,  but  there  still  remained  u  displacement  of 
tJt  to  tIs  division  of  Angstrom,  which  was  determined  and  corrected 
for  by  measuring  the  difference  between  the  metallic  and  coinciding  solar 
lines,  selecting  a  great  number  of  them,  if  possibie. 

The  changes  from  aun  to  are  light  are  much  more  extensive  than  from 
one  order  of  solar  spectrum  to  another.  In  two  cases  I  have  tested  the 
latter  and  found  no  displacement,  and  have  no  fear  that  it  exists  in 
the  others. 

In  working  up  the  plates,  I  have  started  at  the  plates  whose  centre  is 
at  wave-length  4(500,  and  proceeded  either  wny  from  that  point.  T'er 
this  purpose  I  have  used  the  plates  originaliy  obtained  for  metallic 
spectra,  gcnerdlly  using  the  lines  due  to  the  impurities.  The  methoil, 
I  believe,  is  oliviiiua  from  the  table.  For  a  long  region  no  substandard* 
are  necessary,  but  lire  used  Mlicncvcr  they  become  so. 
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In  the  course  of  several  years*  investigations  of  the  so-called  "rare 
earths,"  such  as  yttrium,  erbium,  holmium,  cerium,  etc.,  I  have  devised 
several  methods  for  their  separation.  I  wish  to  give  an  account  of  these 
now,  and  hope  soon  to  be  able  to  publish  a  complete  description  of  my 
work  and  its  results. 

It  was  evident  very  early  in  the  work  that  cerium,  lanthanium,  praseo- 
dymium, neodymium  and  thorium  differed  from  the  jrttrium  group,  and 
I  have  seen  no  reason  to  suppose  that  they  can  be  divided  any  further. 
All  of  these  "earths"  appear,  in  vaiying  proportions,  in  such  minerals  as 
gadolinite,  samarskite,  yttrialite,  cerite,  etc.  Besides  the  elements  of 
the  cerium  group  here  present  there  are  at  least  seven  other  substances. 
For  the  present  I  shall  speak  of  them  as 

a,  &,  t,  d,  h,  w,  c,  Jc, 

Their  properties  are  as  follows: 

Properties  of  Elements 

Substance  a 

This  is  the  principal  element  of  yttrium  and  may  possibly  be  divided 
into  two  in  the  future,  as  T  have  observed  a  variation  in  the  arc  spec- 
trum on  adding  potash  or  soda.  However,  this  is  no  more  evidence  than 
occurs  in  the  case  of  iron  or  zirconium.  I  give  a  process  below  for  pro- 
ducing this  pure. 

Properties. — No  absorption  bands.  Oxalate  and  oxide  pure  white. 
It  occurs  in  the  sun.  Its  properties  are  those  of  yttrium  as  hitherto  ob- 
tained, but  I  am  the  first  to  obtain  it  with  any  approach  to  purity. 

Mixture  of  h,  i  and  d 

These  seem  to  be  the  principal  ingredients  in  so-called  "erbium.'' 
Oxalate  is  red.     Oxide  is  pure  white.     Absorption  band  is  that  of 
"erbium."     It  colors  the  electric  arc  green,  and  shows  the  "erbium'' 
emission  bands  on  heating  white  hot.    The  substance  h  is  strong  in  gado- 
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limte  oiul  vesk  in  stmuskite.  The  eolutioD  has  the  absorption  baitda 
of  ■■  i*rbtunt "'  ami  moet  of  these  eeem  lu  bulong  to  6  rather  than  i.  Hoir- 
ev«r.  ire  i.-mii  readil;  prove  that  the  absorption  bands  of  erbium  heloiw, 
to  tww  HibeonoK.  as  we  can  produce  a  decided  variation  in  it.  j 

I  cantiut  recoDiale  this  with  my  epectriun  work  without  aeeumiiif;  ih 
fomtik  ingTwlient  in  "  erbium."  ) 

Sabecuice  fi  ib  in  the  eun,  but  not  t.     With  b  and  i  the  sut^lsncc  i  I 

alwmjtB  occurs.  i 

Si^tatice  d  I 

This  is  the  principal  impurity  of  a  sample  of  yttrium,  kini^ly  furniahs) 
nw  by  Dr.  Kriies,  which  my  process  of  making  yttrium  separates  out. 
hae  not  been  obtained  pure,  but  occurs  strongly  in  the  yellow  part  ol 
the  oxides.     It  is  in  the  sun. 

By  aid  of  ferrocyaiiide  of  potassium  the  substance  o  can  be  nbuiniii 
pure  from  d.     With  this  exception  d  occurs  in  all  the  preparations  "f 
the  yttrium  group  and  enunot  be  separated  from  6,  t,  c, 
of  the  other  substances.     Indeed,  I  have  found  it  in  some  specimen*  ol 
cerium  and  lanthanium,  although  in  traces  only. 

On  account  of  tJie  trouble  caused  by  it  and  its  universal  presence.  I 
propose  the  name  demonium  for  it. 

Its  principa]  spectrum  line  is  at  w.  1.  4000-6  nearly. 

SiAstance  h 
This  oecura  mainly  in  samarakite.     Hints  toward  its  separation  will 
be  given  below,  but  I  have  otherwise  obtained  none  of  its  pfQperlies. 

Svistances  n,  it  and  c 
Those  always  occur  with  d  and  form  a  group  intermediate  between M* 
yttrium  and  cerium  groups.     They  can  be  separated  from  these  bj  Hi* 
phate  of  potassium  or  sodium  by  always  taking  in  intermediate 
of  the  precipitate.     They  seem  to  have  a  weak  absorption  specltuB 
the  visible  spectrum  and  strong  in  the  ultra  violet,  especially  t. 

Chemical  Separalion 
The  first  process  that  suggests  itself  is  that  by  the  sulphates  ol  i< 
or  potash.  This  is  the  usual  method  for  separating  the  cerinm  ft 
thi>  yttrium  groups.  AVhen  the  solution  of  earth  and  the  eulptul 
sohitiuu  are  both  hot  and  concentrated,  everything  except  some  «* 
dium  comes  down.  When  done  in  the  cold  with  weaker  solutions,  the 
Is  more  or  less  complete  separation  of  the  cerium  group.     Let  the  -'-■■ 
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earths  be  dissolved  in  a  very  slight  excesa  of  nitric  acid  and  diluted  some- 
what (poseibly  1  k.  to  2  or  3  litres).  Place  in  a  wami  ]ilacc,  add  lumps 
of  sulphate  of  soda,  and  stir  until  no  more  will  dissolve.  Continut'  to 
add  and  stir  for  a  day  or  two  until  the  absorption  lines  of  neodymium 
disappear  from  the  solution.  Filter  off  and  call  the  solution  No.  1, 
Add  caustic  potash  to  the  precipitated  sulphates  and  wash  so  oa  to  leave 
the  oxides  once  more.  DisBolve  in  nitric  acid  and  precipitate  again  with 
sulphate  of  soda,  calling  the  filtrate  No.  2.  Proceed  in  this  way  poa- 
sihiy  10  or  more  times.  The  filtrates  contain  less  and  less  earths;  and 
the  precipitate  is  more  and  more  the  pure  cerium  group;  but  a  dozen 
precipitations  still  leave  some  impurity. 

The  portions  1,  2,  3,  etc.,  show  decreasing  "erbium"  absorption  bands, 
and  the  spectrum  shows  that  the  substances  a,  b,  d,  i  are  gradually  sepa- 
rated out  with  parts  1,  2,  etc.,  while  the  numerous  fine  lines  belonging  to 
d,  n,  c,  etc.,  with  the  cerium  group,  fill  the  spectrum  of  the  portions 
8,  9,  10,  etc.  This  intermediate  group  hae  only  very  weak  absorption 
bands  and  evidently  has  three  or  four  elements  in  it,  as  I  have  produced 
at  least  that  number  of  variations  in  its  spectrum.  The  group  can  be 
obtained  fairly  free  from  a,  b,  and  i,  but  the  substance  d  persists  in  all 
the  filtrates  and  in  the  precipitated  cerium  group  also.  This  interme- 
diate group  d,  n,  etc.,  seems  to  be  in  greater  proportion  in  samarskite 
than  in  gadolinite,  and  there  seem  to  be  more  elements  in  samarskite 
than  in  gadolinite.     One  of  these  I  have  called  h. 

The  oxides,  es|>ecially  for  samarskite,  are  very  yellow  and  dark. 

Sulphate  of  ]>otush  has  a  decided  action  in  separating  a  and  i  from  b. 
a  and  i  coming  down  first.  After  two  months,  tlie  solution  gradually 
drying,  the  proportion  of  6  to  a  in  the  filtrate  increased  many  time*. 
Sulphate  of  soda  has  an  action  of  the  same  kind,  but  much  weaker. 
After  leaving  two  months  over  sulphate  of  potash  and  aoda,  the  follow- 


ing was  the  result  of  analysis  of  the  soluble  part  a 
original  mixture: 

Sulphate  of  Founh. 
a..  La.,  etc.  o 

a  Weak 

t  Mocb  slroQfter 

d  Vachtnued 


in  pared  with  the 


Sulpha t«  of  Soda, 


rncbaaged 

Medium  atronR 

Weitker 


The  oxide  of  the  members  of  this  group  which  are  only  slightly  pre- 
cipitated hy  the  sulphates  of  soda  and  potash  is  pure  snow-white,  and 
hence  those  of  b  and  i  must  be  so. 


MS 
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The  s\ibetaiice  d  comes  down  slightly  sooner  than  a  by  Bulphare  of 
soda,  but  slightly  slower  by  sulphate  of  potash.  Hence,  in  purifying 
ji-trium  (substance  a)  for  the  Inst  time  from  the  «.  group,  sulphate  of 
potash  will  increase  d  in  tlie  filtrate  and  Eulphate  of  soda  will  dciTfiise  it. 


Acfiov  of  oxalic  acid 
?  of  the  mixed  earths,  free  from  the  ce.  group, 


ttTien  the  oxalal' 
boiled  in  water  to  which  nitric  acid  is  added,  they  are  more  or  le^^s 
solved,  leaving  a  coarse,  heavy,  red  oxalate  yielding  a  pale  yellow  oxide. 
The  filtrate,  set  aside  to  cool,  deposits  more  of  the  oxalates  and  leaves  a 
filtrat*  which  contains  several  of  the  unknown  elements,  as  also  what  re- 
mains of  the  ce.  group.  On  separating  the  ce.  group  the  remainder  is 
quite  different  from  the  heavy  red  oxalate,  hut  there  is  fai  from  coinplet 
separation.  The  analysis  showed  the  following; 
a.  6,  c.  rf,  ft,  1,  n. 

I  have  not  found  the  separation  particularly  useful,  and  it  seomB  to 
more  apparent  than  real  as  tested  hy  the  specf. rose  ope. 


e  It.       ■ 

ide,  '    ' 


Ferrocyanide  of  potassium 

This  is  the  most  usefid  process  and  easily  separates  the  element  a, 
pure  and  free  from  all  others.  To  obtain  pure  a  from  the  mineral  gado- 
linite,  Fergusonile  or  Samarshite: 

First  obtain  the  crude  mixed  earths  in  the  usual  manner.  Then  sepa- 
rate the  cerium  group  as  usual  until  the  absorption  bands  of  neodymiuni 
no  longer  appear.  For  the  comjilete  pcpnration  without  loss  this!  nmst 
be  done  several  times,  .is  rnnch  of  the  yttrium  group  is  carried  down 
with  the  first  precipitate,  as  we  have  before  seen. 

The  separation  of  the  ytlriuni  (n)  fnmi  the  other  elements  is  effected 
hy  prcciiiilafiiig  the  latter  from  a  weak  acid  solution  by  ferrocyanide  of 
potassium.  For  this  purpose  the  filtrate,  after  separating  the  cerium 
group,  can  he  u^-ed  at  once  by  slightly  acidulating  with  nitric  acid,  dilut- 
ing and  adding  a  weak  solution  of  ferrocyanide  of  potassium.  No  ]irc- 
cipitate  should  appear  at  onee,  but  by  standing  for  an  hour  or  so  some 
will  come  down.  Add  more  ferrocyanide  of  potassium  and  rcjieat  until 
the  filtrate  no  longer  shows  the  bands  of  so-called  erbium.  After  this 
it  is  best  to  preeipifate  with  oxalic  acid  or  oxalate  of  potassium  and 
ignite  the  precipitate  so  as  to  get  the  earth.  Dissolve  this  in  nitric  acid 
and  add  only  water  enough  to  nuike  a  very  concenlratod  syrupy  solution. 
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Place  in  a  beaier  at  least  threo  inches  in  diameter  and  fxamine  wilh  a 
spectroscope  of  low  power  for  absorption  bands.  Probably  the  bands  of 
neod}niiiiim  mid  "  erbium  "  will  appear.  Separate  the  first  by  sulphate 
of  sodium  as  uaual,  and  the  lest  by  ferrocyanide  of  potassium  from  an 
acid  solution  as  above.  The  filtrate  will  then  contain  the  pure  yttrium 
0,  whose  calcined  oxalate  will  be  pure  white  without  trace  of  yellow. 
After  separation  of  iron,  calcium,  and  possibly  mangane&e,  the  earth  will 
be  a  pure  element  as  far  as  I  can  tell  speetroseoplcally.  However,  like 
Zr,  Ft  and  many  other  substances,  the  addition  of  Na  or  K  to  the  elec- 
tric arc  while  obtaining  the  spectrum  will  change  the  intensity  of  cer- 
tain lines  of  the  spectrum,  while  others  are  imchanged.  If  this  is  con- 
sidered as  evidence  of  the  existence  of  two  element?,  then  the  same  evi- 
dence will  apply  to  Fe  and  Zr.  The  reason  for  believing  that  the  sub- 
stance thus  found  is  an  element  is  baaed  on  the  fact  that  its  spectrum 
remains  unaltered  in  all  minerals  and  after  all  chemical  operations  that 
I  have  been  able  to  devise.  Furthermore,  I  believe  that  the  new  pro- 
eesa  is  not  only  more  easy  than  any  other,  but  also  tHat  it  has  given  a 
single  element  for  the^rst  time,  as  it  eliminates  the  element  d.  The 
yield  will  of  course  depend  on  the  amount  of  purity  required.  From  the 
earths  of  gailolinite  about  one-tenth  of  quite  pure  yttrium  (a)  can  be  ob- 
tained and  about  one-twentieth  of  very  pure. 

I  have  determined  spectroscopically  that  when,  by  the  above  process, 
the  absorption  band  of  "erbium"  at  last  disappears  from  3  in.  of  strong 
solution,  all  the  other  elements  have  also  disappeared. 

By  taking  the  first  precipitate  several  times  by  ferrocyanide  of  potas- 
sium from  an  acid  solution,  a  mixture  of  many  elements  is  obtained 
which  contains  much  of  that  element  to  which  the  so-called  "erbium" 
band  is  due.  By  dissolving  a  weighed  quantity  of  this  mixture  in  nitric 
acid  and  water  and  esamining  the  hand  spectrum,  I  have  determined  the 
limit  when  the  liand  cnn  no  longer  lie  seen.  Thus  I  hove  proved  that 
when  the  band  vanishes  from  3  inches  of  concentrate<l  syrupy  solution 
of  yttrium  there  cannot  exist  in  it  more  than  i  per  cent  of  the  mixed 
element  as  compared  with  the  yttrium,  and  there  is  probably  less. 

I  have  not  found  ferrocyanide  of  potassium  useful  in  the  further 
separation  of  the  elements,  but  only  in  separating  out  n  fmm  the  others. 

When  the  neodymlum  band  has  disappeared  by  use  of  sulphate  of 
sodium,  all  the  other  elements  of  the  cerium  group  have  disappeared. 
The  element  thorium  is  sometimes  present  in  the  crude  earths,  hut  dis- 
appears after  a  while  from  the  purified  earths.  Tlie  conditions  for  ita 
disapiiearance  I  have  not  determined. 
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Tlie  elementB  which  pcraiBt  to  the  last  by  the  fetrocyanide  process  are 
b  and  i,  while  by  Kriias'  process  the  element  d  pereiste  the  longest.  Ai 
6  -f- 1  hae  an  absorptiou  spectrum  and  d  probably  not,  the  tegt  of  purity 
by  absorption  bands  is  very  complete  in  the  new  process. 

Noll. — For  betp  Id  Ible  iDTeBtigatioo  toy  tbanki  Are  dae  to  •  Itrge  nilinber  of  gen- 

UemsD.     ProtsBior  Scbftplelgb  bM  sent  me  >  large  colIecUoo  of    ■nbstanoei,  Mr. 

Hidden,  Froleiior  Woleott  Gibba,  and  FroIeBSor  F.  W.  Clkrke  muiy  tnlneralB.  Piofei. 

ral  specimens,  and  ProfeBior  Barker  aod  othera  b«T«  belped  me  In 

man;  «■;«. 
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The  discovery  of  Hertz  some  years  since  that  the  cathode  rays  pene- 
trated Bome  opaque  bodies  like  aluminium,  has  opened  up  a  wonderful 
field  of  research,  which  has  now  culminated  in  the  discovery  by  Rontgcn 
of  still  other  raye  having  oven  more  remarkable  properties.  We  have 
confirmed,  in  many  respects,  the  researches  of  the  latter  on  these  i-ays, 
and  have  repeated  his  experiment  in  photographing  through  wood, 
aluminium,  cardtroard,  hard  rubber,  and  even  the  larger  part  of  a  milli- 
meter of  sheet  copper. 

Some  of  these  photographs  have  heen  indistinct,  indicating  a  source 
of  these  rays  of  considerable  extent,  while  others  have  been  bo  sharp 
and  clear  cut  that  the  shadow  of  a  coin  at  the  distance  of  2  cm.  from 
the  photographic  plate  has  no  penumbra  whatever,  but  appears  perfectly 
sharp  even  with  a  low  power  miscroscope. 

So  far  as  yet  observed  the  rays  proceed  in  straight  lines  and  all  efforts 
to  deflect  them  by  a  strong  magnet  either  within  or  without  the  tube 
have  failed.  likewise  prisms  of  wood  and  vulcanite  have  no  action 
whatever  eo  f or  as  seen,  and,  contrary  to  RiJntgen,  no  trace  of  reflection 
from  a  steel  mirror  at  a  large  angle  of  incidence  could  be  obeerved.  In 
this  latter  experiment  the  mirror  was  on  the  side  of  the  photographic 
plate  next  to  the  source  of  the  rays,  and  not  behind  it.  as  in  Rontgen's 
method. 

We  have,  in  the  short  time  we  have  been  at  work,  principally  devoted 
ourselves  to  finding  the  source  of  the  rays.  For  this  purpose  one  of 
our  tubes  made  for  showing  that  electricity  will  not  |>ass  through  a 
vacuum  was  found  to  give  remarkable  results.  Thi^;  tube  had  the 
aluminium  poles  within  1  mm.  of  each  other  and  had  such  a  perfect 
viw'uum  (hat  sparks  generally  preferred  10  em.  In  air  to  pai^sage  tlirou^ih 
the  tube.  By  using  potential  enough,  however,  the  discharge  from  an 
ordinarj-  Rulimkorfr  coil  could  be  forced  through.    The  resistance  being 
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so  high  the  discharge  was  not  osciUatory  as  in  ordinary  tubes  but  onlj 
went  in  one  direction. 

In  this  tube  we  demonstxated  concluBively  that  the  main  source  of 
the  rays  was  a  minute  point  on  the  anode  nearest  to  the  cathode, 
times  a  minute  point  of  light  appeared  at  this  point,  but  not  always- 
Added  to  this  source  the  whole  of  the  aii4}de  gave  out  a  few  rayi. 
From  the  cathode  no  rays  whatever  came,  neither  were  there  any  frum 
the  glass  of  the  tube  where  the  cathode  rays  struck  it  as  RiinlgoD 
thought.     This  tube  as  a  source  of  rays  Ear  eseeeded  all  our  other  collec- 
tion of  Crookea'  tubes  and  gave  the  plate  a  full  exposure  at  5  or  10  cm. 
in  about  5  or  10  minutes  with  a  slow-acting  coil  giving  only  abiiut 
sparks  per  second. 

The  nest  most  satisfactory  tube  had  aluminium  poles  with  ends  ationl 
3  cm.  apart.     It  was  not  straight,  but  had  three  bulbs,  the  poles  Wing 
the  end  bulbs  and  the  passage  between  them  being  rather  wide.    Inthu 
ease  the  discharge  was  slightly  oacillaton,-,  but  more  electricity  went 
way  than  the  other.     Here  the  source  of  rays  was  two  points  in  the  tub*. 
a  little  on  the  cathode  side  of  the  narrow  parts, 

In  the  other  tubes  there  seemed  to  be  diffuse  sources,  probablj  d"« 
in  part  to  the  oscillatory  discharge,  but  in  no  case  did  the  calhode  MI'S 
aeem  to  have  anything  to  do  with  the  Kbntgen  rays.  Judging:  from  tiie 
first  two  most  definite  tubes  the  source  of  the  rays  seems  to  be  nwrt 
connected  with  the  anode  than  the  cathode,  and  in  lM>th  of  thi>  tubes  tli» 
rays  came  from  where  the  discharge  from  the  anode  e-xjianded  itscK  In- 
ward the  cathode,  if  we  may  roughly  use  such  langnage. 

As  to  what  these  raya  are  it  is  too  early  to  even  guess.     That  they  »n* 

Ihe  cathode  rays  are  destined  to  give  us  a  far  deeper  insight  into  nstiiw 

nobody  can  doubt. 

flalSlmore,  FeS.  SO,  18U0. 
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In  tlie  '  AmeriL'an  Journal  of  Science '  for  March  we  made  a  few  notes 
of  our  reaearcheB  on  the  Rontgen  raj-B,  reaching  the  proviBionql  con- 
clusion that  the  maiu  source  of  the  rays  was  at  the  anode,  and  that  the 
cathode  rays  Beomed  to  have  nothing  to  do  with  the  phenomena  pre- 
sented. A  further  study  of  the  source  of  the  rays  in  many  other  tiihi's 
has  led  us  to  modify  this  eonclusion  somewhat,  for,  while  we  still  think 
the  anode  or  its  equivalent  is  the  main  source  of  the  rays,  yet  we  now 
have  evidence  in  some  of  the  tubes  that  it  is  necessary  for  the  calhnde 
rays  to  fall  on  the  anode  in  order  that  tlie  Rontgen  rays  may  be  formed. 

In  our  tubes  with  a  veiy  high  vacuum  the  other  sources  of  rays  are 
very  faint  indeed.  We  have  never  obtained  any  rays  from  the  cathode 
except  in  one  case,  where  undoubtedly  there  were  electrical  oscillations 
which  made  the  cathode  momentarily  an  anode.  It  can  be  readily  proved 
that  these  oscillations  always  exist  in  the  case  of  low  resistance  tubes, 
and  these  are  probably  the  cause  of  many  errors  in  estimating  the 
source  of  the  rays. 

In  aome  cases  we  have  found  very  faint  sources  of  rays  as  Rontgen 
found  them,  where  the  cathode  rays  struck  the  glass,  but  not  where  they 
struck  a  piece  of  platinum  kept  at  nearly  7,ero  |>otential.  On  the  anode 
theory,  this  might  be  explained  by  the  fact  that  the  bombardiug  cathode 
rays,  coming  iu  periodical  electrified  showers,  alternately  raise  and 
lower  the  potential  of  the  glass,  thus  making  it  alternately  an  anode  and 
cathode.  In  the  cast  of  the  platinum,  this  could  not  occur  to  the  same 
extent. 

That  feeble  Itontgen  rays  emanate  from  some  bodies  when  bombarded 
by  the  cathode  rays,  we  are  willing  to  admit,  and,  in  fact,  had  long  ago 
come  to  that  conclusion.  But  we  do  not  agree  with  Prof.  Elihu  Thom- 
son's gi'ncral  cuncUmioti  that  these  rays  are  always  given  out  from  bom- 
barded surfaces,  as  we  have  a  tulw,  with  platinum  in  the  focus  of  a  con- 
cave electrode,  which  emits  no  rays  whatever  from  the  platinum,  even 
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whiii  the  platinum  is  red  hot  from  the  liombardmpnt,  the  concaTe  o 
trode  being  the  cathoiie  and  a  third  wiro  the  anodp. 

The  same  tube,  with  the  platinum  made  an  anade  and  the  concave 
electrode  «  cathode,  produceE  a  profuse  radiation  of  Roiitgen  rajs  in  all 
directions  on  the  side  of  the  platinum  bombarded  by  the  catliode  rays, 
and  tioiie  on  the  other  side.  In  the  tirst  case  we  obtained  no  rays  from 
the  cathode,  no  rays  from  the  bombarded  aurface,  and  only  a  very  weak 
elTet-t  from  the  anode,  indeed  almost  nothing.  Hence  the  condition 
for  the  production  of  the  rays  seems  to  be  neither  the  one  or  the  other 
but  a  combination  of  the  two,  and  we  now  believe  as  far  as  we  can  yet 
set!  that  the  necessary  condition  for  their  production  is  an  anode  bom- 
Iwrded  by  the  cathode  ditichargo.  The  anode  may  be,  however,  an  in- 
duced anode  formed  on  the  glass,  and  the  cathode  rays  may  vary  a  p;reat 
deal  and  cease  to  present  ths  usual  appearance  of  cathode  rays. 

Thns,  in  the  best  tube  that  we  have,  originally  made  for  showing  that 
electricity  will  not  pass  through  a  vacuum,  the  main  source  is  a  point  on 
Die  end  of  the  anode,  where  a  little  point  of  light  appears.  Sometimes, 
acroee  the  litlle  interval  of  1  mm.  between  the  electrodes,  a  faint  spark 
or  are  crosses  from  one  electrode  to  the  other,  and  we  think  that  the 
rays  come  out  especially  well  imder  these  conditions.  Here  the  action  of 
the  l)ombarding  catliode  discharge  is  rather  obscnre.  This  little  point  of 
light  also  sometimes  appears  on  the  red  hot  platinum  anode  men- 
tioned alwve,  and  we  have  seen  it  in  other  tubes,  always  at  the  place 
where  RiJntgen  rnys  are  apparently  found. 

Prof.  Elihu  Thomson  bns  kindly  sent  iis  pome  sketches  of  tubes  hav- 
ing the  anode  homlmrdcd  by  the  cathode,  find  wo  had  previously  de- 
signed some  tubes  of  simihir  .«hnpe,  but  have  not  yet  found  anybody 
in  this  country  cnpiiblo  of  (uuking  a  .eufllcienlly  good  vacuum.  In  many 
of  our  best  tubes  Ihc  vacuum  is  so  perfect  ns  to  cause  a  resistance  equal 
to  a  five  or  six  inch  spark  in  the  air.  The  better  the  vacnum  the 
greater  the  iiiinilior  of  rays  sent  out. 

However,  for  shar])ncss  of  detail,  notliing  equals  the  perfect  vacnum 
lulic.  Jiiiviiig  itii  electrodes  une  uuii.  iipart.  Such  a  tube  has  been  de- 
signed by  one  of  us.  but  we  have  not  been  able  to  get  the  proper 
exhaustion. 

As  to  other  snurcis  of  Riinlfjcu  rays,  wc  have  tried  a  torrent  of  elec- 
tric sparks  in  ;iir,  from  a  Inrgo  hiitlrrv,  and  have  obtained  none.  Of 
course,  coins  laid  nn  or  neiir  the  jilatc  under  these  circumstances,  pro- 
duce impressions,  but  these  i;re.  of  courpo,  induction  phenomena. 

As    to    sunlight,    'I'yudidi,    Alitiey.    Graham    Bell    and    others,    have 
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fihown  that  some  of  the  rays  penetrate  vulcanite  and  other  opaque 

bodies,  and  we  have  only  to  look  at  an  unpainted  door,  on  the  other 

side  of  which  the  sun  is  shining,  to  convince  ourselves  that  sunlight 

penetrates  wood  to  a  considerable  depth. 
As  to  the  theory  of  the  Bontgen  rays  we  know  little.     If  the  rays 

are  vibrations  we  can  readily  determine  a  rough  limit  to  their  length, 

from  the  sharpness  of  the  shadows. 
Thus  our  photographs  have  such  sharpness  that  the  complete  waves 

Gumot  be  more  than  -0005  cm.  long,  but  are  probably  much  shorter. 
This  is  independent  of  whether  the  waves  are  longitudinal  like  sound 
or  transverse  like  light,  and  of  course  only  applies  to  that  portion  of 
them  which  affects  the  photographic  plate.  There  may  be  others  of 
larger  size  that  do  not  affect  the  plate. 

AU  efforts  to  bend  the  rays  from  their  course,  either  within  or  with- 
<mt  the  tube,  by  means  of  a  strong  magnetic  field,  have  failed,  both  in 
ow  hands  and  in  those  of  others,  and  thus,  if  the  rays  are  radiant  parti- 
d€g  of  matter,  they  cannot  be  highly  charged  particles  like  the  cathode 
lajB.  The  rays  are  not  refracted  by  any  solid  bodies  so  far  tried,  and 
ttb  seems  to  be  against  their  being  waves  either  in  air  or  ether.  They 
pi88  through  solid  bodies,  and  thus  their  wave-lengths  cannot  be  very 
•nwdl.  We  have  before  seen  that  it  cannot  be  very  great.  They  cannot 
be  sound  waves  as  they  proceed  for  some  distance  through  a  very  perfect 

Altogether  we  are  at  a  loss  for  a  theory.  If  we  have  not  yet  got  a 
^l&factory  theory  of  light  after  more  than  a  hundred  years  of  labor, 
'Uwr  can  we  hope  to  have  a  theory  of  the  Rontgen  rays  after  knowing 
•tf  them  for  only  a  few  months?  Let  us  suspend  our  judgment  for  a 
•Hiile,  and  let  us,  above  all  things,  be  willing  to  alter  our  opinions  at 
Ukj  moment  when  fresh  light  appears. 


THE  RONTGEN  RAY.  AND  ITS  RELATION   TO  PHYSIOS 

{A  Topical  Discussion) 


Oj'K'IIMQ  ItKUinKS  BI   Phof.  IIknrv  A.  Rowi,AKn 

Mr.  Pbesidknt  and  Gentleme!i:  A  g:entlemaii  aeked  me  a  few  mo- 
ments ago  if  I  know  anything  about  the  X-ray.  I  told  him  no;  that  wbai 
I  WEB  going  to  tell  to-nighl  was  what  I  did  not  know  about  the  X-ray. 
I  do  not  suppose  anybody  can  do  any  more  thau  that,  beeauge  all  of  u? 
know  very  little  about  it.  We  were  very  much  euqirieed,  something 
like  a  ytar  ago,  by  this  very  great  discovery.  But  I  cannot  say  that  we 
know  very  much  more  about  it  now  than  we  did  then.  The  whole 
world  eeems  to  have  been  working  on  it  for  all  this  lime  without  having 
discovered  very  much  more  with  respect  to  it. 

Now,  I  suppose  it  is  not  neccBsary  for  me  to  go  into  the  history  of 
the  thing.  We  all  know  it;  how  Lenard  first,  probably,  discovered  these 
rays,  or  discovered  something  very  similar  to  them;  how  Rontgen  after- 
wards found  their  particular  use,  their  penetrating  power,  and  so  on, 
although  Irfnard  had  found  something  similar  tfl  that  before.  It  is 
thus  not  uwcssary  for  iim  to  go  into  the  history  of  the  matter,  bui 
simply  to  go  uvur,  to  soiik'  I'.Mi'iit,  what  we  know  with  regard  to  the^-i' 
rays  at  tho  preHOJic  time.  First,  there  was  some  discussion,  some  timo 
ago,  as  to  the  source  of  ihc-'^e  riiys.  Rontgen  found  that  their  source 
was  any  point  that  the  cathode  lays  ritnit-k  uiwii;  and  you  will  remember 
that  when  wc  first  knew  about  these  rays  they  were  often  called  cathode 
rays.  Many  persons  thought  tliat  the  cathode  rays  came  through  the 
glass,  and  Lenard  first  thought  that  they  did  come  through  his  little 
window,  and  it  is  probable  that  thoy  do  at  the  present  time.  But  the 
kind  of  rays  that  we  are  ciniridering  arc  veiy  diHerent  from  the  oathodi' 
rays.  Sl.k  months  aj:o  tlicre  wns  quite  a  discussion  in  regard  to  the 
source,  sirid  1  Ifcliuve  it  was  liiially  determined  that  they  came  from 
points  where  the  cathode  rays  strike.  At  the  same  time  I  was  rather 
opposed  to  tliat.     In  one  of  iiiy  luljes  I  found  that  the  rays  came  from 
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the  anode.  I  had  only  the  ordinary  assortment  of  Crookea'  tubes,  and 
one  of  the  tubes  had  aluminum  wires  which  were  a  millimeter  apart. 
In  one  of  these  the  source  of  the  rays  was  a  point  upon  the  anode — 
not  upon  the  cathode  at  all.  It  was  a  very  small  point.  The  photo- 
graphs which  I  obtained  by  that  tube  were  sharper  tlian  any  I  had  seen 
before.  They  are  so  very  sharp  that  in  estimating  the  shadow  of  an 
object  I  determined  that  the  point  could  not  have  been  a  thousandth 
of  an  inch  in  diameter.  Therefore  the  source  in  this  case  was  a  very 
minute  point  upon  the  anode,  and  that  point  waa  nearer  the  cathode, 
and  I  suppose  some  of  the  cathode  rays  might  have  struck  upon  it,  and 
it  might  have  obeyed  the  law  that  the  point  where  these  X-rays  are 
formed  is  the  point  on  the  anode  where  the  cathode  rays  strike, 

I  had  another  very  interesting  tube,  and  I  was  going  to  bring  some 
of  the  photographs  here  to-night;  but  I  thought  they  were  so  small  that 
it  would  he  almost  impossible  to  see  them.  I  tried  the  three  cases  in 
this  tube:  First,  the  case  where  the  cathode  rays  strike  upon  the  anode. 
In  that  case  I  got  very  many  Rontgen  rays.  Then  I  tried  the  ease 
where  the  cathode  rays  strike  upon  an  objcci — a  piece  of  platinum.  I 
did  not  get  any  rays  whatever  tlion.  Now,  some  people  say  that  they 
come  from  the  point  where  the  cathode  ray  strikes.  I  did  not  get  any 
whatever  in  that  case.  In  this  case  the  cathode  ray  struck  upon  a  piece 
of  platinum  in  the  centre  of  a  bulb,  and  no  rays  were  given  out  by  the 
anode  either.  Therefore  I  seemed  to  have  a  crucial  experiment  in  each; 
I  seemed  to  have  the  ease  where  the  cathode  ray  strikes  upon  the  anode, 
and  I  got  lots  of  rays.  Then  I  had  the  case  where  the  cathode  rays 
strike  on  a  piece  of  platinum,  and  I  did  not  get  anyihing  at  all.  Then 
where  the  anode  itself  waa  free  and  no  cathode  rays  struck  it,  I  did  not 
get  anything  from  it.  It  seemed  to  me  as  if  the  source  was  most  abun- 
dant when  the  cathode  ray  struck  upon  the  anode;  and  that  is  the 
theory,  we  know,  upon  which  nearly  all  tubes  are  formed  at  the  present 
time.  You  have  the  focus  tubes  in  which  you  focus  the  cathode  rays 
npon  the  anode,  and  in  tliat  case  you  have  a  very  abundant  source  of 
rays;  but  I  do  not  believe  you  ever  could  get  as  small  a  source  of  rays 
as  I  got  with  that  first  tube,  where  I  had  a  source  of  a  thousandth  of  an 
inch  diameter.  Having  such  a  email  source  of  rays,  it  gave  me  a  limit 
to  the  wave-length,  if  there  were  waves  at  all;  it  would  give  me  a  limit 
to  the  wave-iength  of  which  I  will  speak  in  a  moment.  As  to  whether 
there  are  any  rays  where  the  cathode  rays  strike  on  any  other  object*, 
we  know  that  there  are  very  feeble  ones.  It  seems  to  be  almost  neces- 
sary in  order  to  get  an  abundant  source  that  you  should  have  cathode 
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rays  strike  on  the  anode.  However,  that  is  a  point  of  discuseion.  ' 
as  to  the  source  of  electricity,  we  have  generally  the  RuhmkoriT 
There  is  one  source  of  which  I  saw  a  little  note  in  '  Kature,'  where 
mail  had  uaed  a  large  Holtz  ma<?-liinf  with  verj'  good  effects.  Sow 
very  much  easier  for  many  persons  to  use  a  Holtz  machine  than  to 
a  Ruhmkorfl  coil.  There  are  many  cases  where  one  cannot  have  a  IsigQ 
battery;  and  this  man  said  that  with  the  Holtz  machine  he  got  as  great 
an  effect  as  with  the  Ruhmkorff  coil.  Then  we  have  the  Tesia  coil,  eta* 
By  the  way,  speaking  of  the  Tesla  coil,  I  am  not  sure  but  that  yott' 
might  look  back  and  find  that  it  ia  very  similar  to  the  Henry  coiL 
Henry  originally  experimented  on  the  induction  of  electricity,  transmit- 
ting a  spark  of  electricity  from  one  coil  and  getting  a  spark  from  aiJ- 
other,  and  the  Tesla  coil  is  sometJiing  like  that,  except  that  it  is  made 
so  as  to  produce  a  much  more  voluminous  spark. 

We  ail  know  the  properties  of  the  Riintgen  rays — they  go  in  a  straigtt 
line.  Every  effort  to  deviate  them  from  a  straight  line,  by  any  metui 
whatever,  has  failed,  except  that  when  they  strike  upon  an  object  thcj 
are  reflected.  Now,  it  is  a  question  for  discussion  as  to  whether  there  i* 
any  regular  reflection.  They  strike  upon  an  object,  and  you  get  iomt- 
thing  from  that  object  which  will  affect  a  photographic  plate.  Are 
those  rays  which  you  get  from  the  object  Riintgen  rays  still,  or  do  lie 
Rontgen  rays  strike  upon  this  object  and  generate  in  it  some  sort  at 
rays  which  come  out,  different  from  the  Hontgen  rays,  and  affect  Ha 
plate?  We  do  not  know  that.  Neither  are  we  quite  positive  whf 
there  is  any  reflection  of  the  rays.  We  know  there  is  turbid  reflection- 
you  may  call  it— rays  strike  on  the  object,  and  the  object  becotuw 
source  of  rays  of  some  kind.  Nobody  has  ever  found  out  what  sort 
rays  come  from  the  object.  Something  cornea  from  it,  and  we 
imagine,  and  indeed  we  often  state,  that  they  are  Rontgen  rays 
come  off  the  object.  But  we  have  good  reason  to  suppose  that 
may  be  something  else;  and  they  may  or  may  not  be  regular  refli 
some  persons  say  they  are  and  some  that  they  are  not.  I  have 
some  photographs  made  in  this  city  which  indicated  regular  refli 
At  the  same  time  I  would  not  be  positive  as  to  whether  there  was 
regular  reflection.     It  is  rather  doubtful.     It  is  a  point  to  be  deteri 

Then  the  fluorescence— that  is  the  way  Rontgen  originally  found 
ray.  You  know  the  way  they  produce  fluorescence — the  photogra] 
effect — you  all  know  that.  You  all  know  that  the  magnet  doffi 
affect  them^-does  not  turn  these  rays  from  a  straight  line. 

The  polarization  of  the  rays:     We  have  no  evidence  whatever 
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I  the  polarization.     If  they  were  very  small  waves,  transverse  waves,  like 

lligfat,  we  ought  to  be  able  to  polarize  them.     Beequerel,  by  exposing 

Eeertain  phosphorescent  subBtonceB  to  the  sim,  obtained  from  fhera  cer- 

Ftkin  rays  which  penetrated  objects  like  aluminium,  etc.     But  these  rays 

were  evidently  small  rays  of  light,  because  he  could  polarize  thorn,  and 

I  he  could  refract  them,  aud  they  were  probably  very  short  waves  of  ultra 

Kliolet  light.     But  we  never  have  been  able  to  discover  that  there  was 

my  such  effect  in  a  Eontgen  ray.     Some  persons  have  claimed  that  they 

jot  polarization;  but  if  there  ever  was  any  polarization,  it  is  very  small, 

ideed.     One  of  the  principal  advances  in  respect  to  these  rays  is  that 

KtBBde  by  J.  J,  Thomson,  in  considering  the  electric  discharge  of  bodies. 

Be  has  published  most  valuable  results  with  regard  to  the  effect  of 

t  njs  upon  gases.     AVhen  the  rays  fall  upon  a  gas,  they  affect  the 

ft  some  way  so  that  it  becomes  a  conductor.     Now,  you  can  subject 

B  to  these  rays  and  allow  the  gas  to  go  through  a  tube  off  into 

filer  vessel,  so  that  it  will  discharge  an  electrified  body  in  that  vessel. 

t  he  has  found  the  most  interesting  result  that  it  will  not  continue 

g  to  affect  these  bodies.     After  one  has  allowed  a  certain  amount 

i  electricity  to  pass  through  it,  it  then  becomes  an  insulator  again. 

■  mly  allows  a  certain  amount  of  electricity  to  go  through  it.     That  is 

ly  explained — or  you  can  explain  it— by  the  Rontgen  rays  liberating 

,  and  only  a  certain  amount  of  them.     Just  as  soon  as  these 

•  used  up  in  the  conduction  of  the  gas,  then  it  ceases  to  conduct.     So 

a  certain  amount  of  gas  will  conduct  a  certain  amount  of  electricity. 

lithen  it  stops  conduciing.     That  is  a  most  interesting  result.     It  i^ 

B  of  the  great  advances  we  have  made  since  Eontgen's  discovery. 

htgen  knew  nearly  all  we  know  now  about  these  rays.     We  have 

red  very  little  indeed;  but  that  point  I  think  we  have  at  least 

11  it  is  said  that  these  rays  affect  a  selenite  cell  in  the  same  way 

Blight  affectfl  it — it  changes  the  resistance  of  the  selenite  cell. 

(  course,  we  are  only  considering  the  theory  to-night;  at  least  I 

(ud  we  do  not  have  to  consider  the  bones,  and  so  on.     I  have  had 

t  students  at  work  in  my  laboratory,  and  it  was  with  the  utmost 

lilty  that  I  kept  them  from  photographing  bones.     Bones  seemed 

)he  principal  obj'oct  to  be  photographed  by  the  Rontgen  rays  when 

•ere  first  discovered,  and  I  suppose  it  is  the  same  now.     Most 

connect  Rontgen  rays  with  bones;  but  I  do  not  intend  to  say  very 

about  them. 

■,  one  important  point  with  respect  to  these  rays  is  as  to  whether 
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they  are  homogeneous.  Are  tliev  like  light  which  can  be  cUTided  up 
into  a  large  nnmber  of  different  wave-lengths,  or  are  they  homogi-neoiB? 
There  eeeiDB  to  be  a  great  deal  of  evidence  that  thej  are  not  all  the 
same;  that  one  ought  to  get  a  spectrum  of  them  in  some  way.  We  on 
filter  them  a  little  bit  through  objects.  vVfter  they  are  filtered  Lhrougli 
an  object,  they  are  probably  a  IJItle  differeDt  from  what  they  were 
before,  and  some  objects  probably  let  through  different  rays  from  others. 
In  '  Nature  '  Mr.  Porter,  I  believe,  hae  ahown  experiments  upon  thai.  He 
divides  rays  into  three  kinds.  At  least  he  fioda  that  under  cerlaia 
circumistancee  the  rays  will  peuetrate  bones  better  than  in  other  cases  — 
bonee  or  any  other  object — they  have  more  penetrating  power,  and  they 
go  through  many  of  those  objects  that  ordinarily  stop  them.  By  hcnt- 
ing  up  the  tube,  and  by  various  arrangementB  of  his  spark-gu]>s,  etc.. 
and  putting  little  wires  around  his  tubes,  and  so  on,  he  can  cause  them 
to  generate  different  kinds  of  rays.  That  is  a  very  important  point,  if 
it  is  substantiated,  and  there  seems  to  be  little  reason  to  doubt  that  » 
number  of  rays  really  do  axist;  that  whatever  they  are  that  come  from 
the  object,  tbcy  are  not  all  the  same;  some  of  them  penetrate  bodies 
better  than  others,  and  verj-  likely  some  one  will  get  up  some  sort  of 
filter  that  will  filter  them  out,  and  allow  us  to  use  them  and  to  find  if 
they  have  different  properties.  At  the  present  we  are  rather  in  the 
dark  with  regard  to  this  point. 

Now  I  come  to  the  theory  of  tliese  rays.  What  ie  the  cause  of  all 
these  phenomena?  There  was  a  time  when  we  were  rather  eelf- 
patisfied,  I  think,  with  regard  (o  theories  of  light.  We  thoupbt  that 
Kresnel  and  other.s  had  discovered  what  light  was— some  sort  of  vibra- 
tion in  the  ether;  we  called  it  ether;  if  it  liad  these  waves  going  through 
it,  then  it  uould  ju'oduro  liffht,  and  we  were  pretty  well  convinced  that 
the  waves  were  triuisvcrsc.  kciuif^c  wc  would  polarize  them;  so  that  we 
befTiin  to  be  Piilisfloil  that  \\i  know  something  about  light.  Then  Max- 
well was  born,  and  lie  proved  ihat  these  rays  were  electromagnetic— 
very  nearly  proved  it.  Tlien  Hertz  came  along  and  actually  showed  iij^ 
how  to  experiment  wilb  tlic^c  Maxwell  waves,  most  of  which  were 
loiiper  than  tlinse  of  light.  At  the  same  time  they  were  of  the  saaie 
nature.  Well,  ws-  got  ii  raihi-r  conipliciited  sort  of  ether  by  that  time. 
The  ether  liad  tn  iln  lots  of  things.  One  must  put  upon  the  ether  all  the 
eoniniTiiiiciitiiiu  between  hoilifs.  Tor  in>tancc,  what  eommuniaition  i? 
there  between  this  oiirth  and  the  sun?  Why,  you  have  light  coming 
from  it  anil  heat.  EiKiintion  you  might  call  it  all.  We  have  radiatioB. 
Then  some  |ieoplc  thought  they  discovered  electromagnetic  disturbance 
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Iftnm  the  sua.     Sometimes  they  have  seen  a  eun  spot  and  noted  a  deflec- 

itioa  of  the  inagiiotic  needle  on  the  earth.     Very  likely  that  is  true.     I 

■  don't  know  that  they  have  discovered  any  electrostatic  effect.     But  wo 

mow  that  electrostatic  effects  will  be  carried  on  through  as  perfect  a 

jou  can  pet.     Then  we  have  gravitation  action  loo.     Now, 

fou  have  got   all   those   things — electromagnetic  action,   light  which 

1  be  an  electromagnetic  phenomenon,  and  then  we  have  gravitation, 

ud  we  have  got  to  load  the  ether  with  all  those  tilings.     Then  we  have 

pit  to  put  matter  in  the  ether  oJid  have  got  to  get  some  connection 

i»een  the  matter  and  the  ether.     By  that  time  one's  mind  is  in  a 

il,  and  we  give  it  up. 

e  have  got  something  worse  yet — we  have  got  Rdntgen  rays  on 
f  of  all  that.     Here  is  something  that  goes  through  the  ether,  and  it 
t  only  goes  through  the  ether  but  shoots  in  a  straight  line  right 
rough  a  body.     Now,  what  sort  of  earthly  thing  can  that  be?     A  body 
J  light  or  do  something  to  it  as  it  goes  through;  but  what  on 
D  it  be  that  goes  through  matter  in  a  straight  line?     Why,  our 
lation  doesn't  give  us  any  chance  to  do  anything  with  that  pro- 
It  is  a  most  wonderful  phenomenon.     Now,  we  can  suppose  that 
!  ultra  violet  light.     Indeed,  we  can  get  a  limit  to  the  wave- 
h  to  some  extent.  Nobody,  however,  has  ever  proved  that  the  Ront- 
e  waves.    But  we  can  get  a  limit  of  the  wave-length  if  they  are 
I,  because  when  I  have  a  lube  that  gives  me  a  shadow  which  is  only 
§tiioneaDdth  of  an  inch  broad,  or  rather  from  the  greatest  intensity 
)  clear  glass  a  thousandth  of  an  inch  broad,  I  can  calculate  the 
e-length  of  tlie  thing  that  would  produce  such  a  shadow-     It  haa 
It  to  be  verj-  small  indeed;  one  knows  that  right  away,  because  any 
ly  light  would  make  a  few  waves  at  the  edge  of  the  shadow,  and 
ipuring  those  waves  you  cfjuld  get  the  wave-loogtha  of  the  light. 
B  was  no  appearance  whatever  on  any  of  my  photographs  of  any 
b  phenomenon  as  that.     I  did  not  have  any  of  these  waves  at  the 
b  of  the  shadow  whatever.     It  went  directly  from  blackness  to  light. 
t  potting  it  under  the  microscope  and  measuring  from  almost  imag- 
f  points,  from  lightness  to  darkness.  I  could  get  a  limit  to  the  wave- 
Now,  as  to  that  limit,  I  published  it  in  one  of  the  journals 
tntbs  ago,  or  more,  and  it  came  at  about  one-seventh,  I  think, 
t  yellow  light.     Others  have  determined  the  wave-length  and  got 
I  below   one-seventh  that  of  yellow  light.     Some  have  got   one- 
icth  that  of  yellow  light,  and  so  on.     Some  of  them  I  urn  rather 
ill  about,  because  they  say  they  have  bands.     If  they  have  bands 
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and  diffraction  bands,  that  would  prove  instantly  that  the  Bdntgsii  n 
are  waves.  But  I  have  never  seen  the  slightest  phenomenon  of  thtt 
Bort.  It  IB  very  doubtful  that  it  exists,  and  those  perwns  who  havpbrf. 
it  will  have  to  show  their  photographs  very  clearly  to  make  us  lielim 
it.  And  therefore  we  have  no  evidence  whatever  that  the  i 
waves.  At  the  same  time  we  iiave  no  evidence  that  they  are  not  wshIl 
They  might  he  very  short  waves— infinitely  short  waves.  Let  un  » 
what  would  happen  if  they  were  infinitely  short  waves.  They  mi^ 
be  so  ven,'  short  as  to  he  too  fine-grained  for  any  of  our  methwis  of 
polflriKation  or  reflection.  Waves  are  reflected  from  a  solid  bodj- 
regnlarly  reflected,  because  they  interfere  after  they  come  from  tl 
body.  You  can  got  the  direction — the  angle  of  incidence  equals  ti 
angle  of  reflection;  you  can  get  that  hy  means  of  considering  thtira  ■ 
waves  and  as  interfering  after  they  come  from  the  object  Well,  if  th 
object,  however,  is  a  very  rough  sort  of  thing  compared  with  the ' 
length,  you  will  not  get  a  regular  reflection.  That  is  what  might  b^ 
pen  in  the  case  of  Riintgen  rays.  And  then  again,  with  regard  6 
refraction  of  the  light,  the  theory  of  refraction  which  corner  (roin  « 
sidering  molecules  imbedded  in  the  ether  will  give  yon  some  lin 
When  we  go  beyond  that  limit,  we  get  no  refraction.  The  beadingfl 
the  violet  rays  increases  up  to  a  certain  point  and  then  goes  bacV.  ' 
have  a  case  of  anomalous  refraction  very  often  in  some  subaiancrt  ^ 
fuchsine,  aniline  dyes,  and  so  on.  Therefore  the  action  of  refractil 
can  be  accounted  for  by  having  very  short  waves.  But  when  we  ti 
of  the  theory  of  the  case  we  have  the  little  molecules  of  a  gas  knoclai 
against  each  other,  and  they  can  only  go  a  little  distance.  We  call  tl 
the  free  path  of  the  gas — a  very  small  distance  in  the  ovdinanr  I 
Those  molecules  cannot  go  more  than  this  very  smal!  distance  beD 
they  stop.  Well,  now,  why  should  little,  short  waves  of  fight  f 
through  the  gas  and  not  be  stopped  too?  When  the  waves  are  fl 
short  indeed,  it  seems  to  me  that  the  object  would  be  entirely  op« 
to  them,  because  they  would  strike  upon  those  molecules,  nnlefs  o 
could  pass  directly  through  the  molecules.  You  would  therefore  w 
sarily  have  these  little  short  waves  going  directly  through  the  m 
cules,  which  we  generally  think  is  almost  impossible  in  case  of  li| 
And  that  is  one  very  great  objection  that  I  have  to  that  theory. 

Then  we  have  another  theory — that  these  are  not  transverse  l 
at  all;  (hat  they  are  waves  like  sound,  and  very  short  indeed, 
what  would  happen  then?     If  they  are  very  sliort  indeed,  yon  haml 
same  objection;     They  would  all  strike  against  the  molecules,  and  fl 
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I  would  be  dispersed  very  quickly.     The  shorter  the  wave-lengths,  the 

I  more  they  are  dispersed.  Take,  for  instance,  short  waves  that  bob 
against  a  boat  and  are  reflected  back.  Thus,  if  you  have  a  big,  long 
I  ocean  wave,  it  sweeps  around  a  boat  and  goes  on  without  being  troubled 
I  by  the  boat  at  aU.  The  shorter  the  waves,  the  more  they  are  bothered 
by  the  boat,  and  80  it  ia  with  respect  to  other  waves— the  short  waves 
would  probably  be  stopped  by  the  molecules.  So  I  do  not  see  what  we 
can  do  with  regard  to  it  in  that  respect.  According  to  Maiwell'e  law, 
waves  like  sound  do  not  exist  in  the  kind  of  ether  that  he  suggested. 
But  that  is  all  based  upon  a  certain  theory  that  the  lines  of  force  were 
always  cloHod.  He  introduced  into  his  equation  an  expression  which 
indicated  that  every  line  of  force  was  a  closed  path  coming  back  upon 
itBelf  or  ending  in  elecU-icity,  one  or  the  other.  Now,  if  wo  throw  out 
that,  then  wc  can  get  this  kind  of  compreseional  waves  in  the  etlier. 
Now,  it  is  not  at  all  impossible  that  they  exist,  and  as  to  whether  they 
would  go  through  molecules  any  better  than  light  waves  do,  nobody  can 
tell;  but  it  is  possible  that  they  might.  But  if  there  are  waves  at  all, 
they  must  be  very  short  waves.  You  cannot  get  over  that  fact — if  they 
are  waves  at  all,  they  must  be  short. 

Then,  of  course,  you  have  the  other  theory— of  little  particles  of 
matter  flying  out  from  the  body,  passing  through  the  glass  and  all  other 
bodies,  until  they  reach  a  photographic  plate  or  any  other  place  where 
we  are  notified  of  their  presence,  and  these  little  particles  make  their 
way  through  the  air  or  any  other  substance.  Now,  why  should  not  the 
little  particles  be  stopped  very  quickly  by  bodies  as  well  as  if  the  rays 
were  waves?  You  see  we  are  in  trouble  here  loo.  Why  are  not  the 
waves  stopped?  Why  are  not  the  little  particles  stopped?  Stokes  has 
given  some  sort  of  a  theory  with  regard  to  this — that,  instead  of  having 
a  wave  inotion  in  ihe  other,  the  rays  are  impulses — a  sudden  impulse — 
one  wave,  for  instance — not  a  series  of  waves  at  all,  but  one  impidse 
coming  out  from  the  tube.  I  think  it  he  had  seen  any  very  sharp 
shailiiws  obtained  from  the  Riintgen  rays  he  would  not  have  given  that 
theory.  He  probably  has  seen  only  those  very  hazy  outlines  that  very 
many  persons  take  for  Riintgen  photographs.  But  if  he  had  seen  any 
very  defined  ones — very  sharp  ones — he  probably  would  not  have  given 
tliat  theory,  because  if  the  Rontgen  rays  are  waves  at  all,  they  must  be 
short,  and  there  must  be  a  long  series  of  them  to  make  sharp  shadows. 
This  is  why  Newton  gave  up  the  wave  theory  of  light.  You  remcmlier 
he  gave  up  this  theory  because  he  found  that  light  went  straight  past 
an  object  instead  of  curving  around  into  the  shadow  as  much  as  sound 
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does.  But  he  wns  not  quite  up  to  Lib  usual  pitch  when  he  made  i 
stateinent,  because  if  he  had  thought  a  moment  he  would  have  seen 
very  short  waves  will  go  more  nearly  in  a  straight  line  than  long  n 
But  any  singlp  impulse,  such  as  Stokes  fiuggeate,  would  go  into  t 
shadow.  The  only  wave  motion  that  would  go  in  a  straight  line  is  a 
soriee  of  waves,  one  after  another.  Therefore,  these  raya  cannot  be 
single  impulses  coming  irregularly. 

Prof.  Michelflon  has  suggested  a  theory  of  rays  based  on  something 
like  vortex  rings  in  the  ether.  Now,  if  we  have  an  ether  that  can  carry 
on  light  waves  and  electromagnetic  waves,  it  cannot  he  a  perfect  fluid; 
it  has  got  to  be  something  else.  You  cannot  very  well  imagine  vortei 
rings  in  such  an  ether.  So  that  we  are  met  at  every  point  by  some 
objection.  We  have  been  etudying  light  for  hundreds  of  years;  we  are 
not  anywhere  near  satisfied  with  the  theory  yet,  and  we  cannot  very 
well  be  expected  to  be  satisfied  with  the  theory  of  Hontgen  rays  in  one 
year. 

Well,  I  think  that  is  all  I  can  say  with  regard  to  the  subject,  and  i 
hope  the  other  gentlemen  who  are  to  carry  on  the  discussion  will  satisfy 
you  on  all  these  points  that  I  have  brought  up  and  left  unanswered. 

[There  followed  a  diBcuseion  by  Professor  Elihu  Thomson,  Profesaor 
M.  I.  Pupin,  and  others.]  ■ 

Fbop.  Rowland: — ^I  made  a  few  notes  with  regaid  to  what  has  been^ 

said,  but  they  are  made  in  such  a  way  that  I  do  not  lielievt'  that  T  can 
interpret  them  myself,  especially  as  the  hour  seems  to  be  getting  rather 
late.  One  or  two  reiiiarkSj  however,  I  would  like  to  make.  Whea 
Prof.  Thomson  said  that  he  got  such  a  large  amount  of  rays  from  an 
insulated  piece  of  platinum  by  letting  the  cathode  rays  fall  upon  it, 
he  made  a  sketch.  With  the  e.vcejition  of  this  end,  which  was  llyt, 
that  is  the  kind  of  thing  that  I  used.  Now,  there  was  absolutely 
no  effect  when  this  was  made  an  anode  and  this  a  cathode,  so  that  all 
the  cathode  rays  were  strikin;;  on  tlio  plalinum.  I  have  the  photo- 
graph; I  got  no  effect  whiitcver.  \ow,  if  Prof.  Thomson  got  an  effect 
in  lliis  case  and  I  did  not  get  an  etTcct  in  that  case,  I  have  got  a  case, 
at  least,  where  none  of  these  rays  were  produced  by  the  falling  of  the 
cathode  luys  upon  the  object.  It  doesn't  make  any  difference  how 
many  other  persons  have  something  in  which  tliey  do  get  an  effect. 
If  I  did  uot  get  an  jlfeet,  that  is  one  case,  understand.  That  is  the 
case  where  the  cathode  ray  fell  on  an  object  and  I  got  no  Rontgen  rav. 
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If  other  people  got  them  in  other  ways,  why,  there  ie  Bomething  eke 
ooming  in.     I  don't  know  what  it  is. 

Pbof,  Thomson:^!  Khould  like  to  say  just  there,  ProfcBsor,  if  you 
would  allow  me,  that  I  used  exactly  that  arrangement  first,  and  got 
lays  with  the  concave  cathode.  The  anode  at  this  end  and  the  inter- 
posed plate  of  platinum  between,  with  that  wire  extending  outward, 
'  standard  form  of  Crookes'  tube — the  first  tube,  in  fact,  tliat  I 
I  got  not  only  sharp  effects  but  rays. 

The  Chairman: — Was  the  platinum  red? 

Pbof.  Thomson: — The  platinum  wae  red — yes,  of  course,  and  it  was 

■  vigorous  source  of  rays.  I  got  rays  with  the  same  tube  that  Professor 
Boffland  does  not  get  them. 

Prof.  Rowland: — Well,  that  has  nothing  to  do  with  the  point.  The 
point  that  I  raise  is  this,  that  there  was  certainly  no  doubt  that  I  did 
It  get  any,  and  the  cathode  rays  were  falling  from  the  object.  That 
ttthe  thing.  Now,  one  tiling  thnl  I  wish  to  remark  h  that  most  people 
»w  a  tuhe  like  that.  They  don't  say  where  the  wires  go.  Mine 
enerally  went  out,  so  that  they  were  very  far  away  from  this  object. 
By  curving  wires  around  in  different  ways  I  can  get  an  inductive  action. 
t  don't  doubt  that  I  could  fi.x:  up  a  tube  so  that  I  could  get  lota  of  rays 
it  of  any  part.  However,  the  time  is  passing,  and  I  will  just  say  one 
*ord  with  regard  to  the  point  Prof.  Thomson  raised  with  regard  to 
lie  fluorescence  over  the  stirfaee  of  the  glass.  He  thought  soraething 
*M  stopped  by  the  glass.  I  must  say  that  Lenard,  when  he  first  experi- 
mented upon  this  subject — and  I  regard  his  experiments  as  quite  aa 
'sluable  as  Rontgen's,  probably — ,  he  got  several  kinds  of  rays  coming 
Snt  through  an  aluminium  window.  He  got  rays  which  were  deflected 
J  the  magnet,  as  well  as  others.  He  had  not  separated  them,  how- 
ler. When  the  Lenard  paper  came  to  the  laboratory  I  remarked  to 
ny  students:    "  That  is  the  best  discovery  that  has  been  made  in  many 

■  day."  I  immediately  set  somebody  to  work  experimenting.  He  tried 
ta  get  Bome  results  and  would  probably  have  discovered  the  Riintgen 

B  at  that  time  if  it  had  not  been  that  the  University  of  Chicago 
Blled  him  off,  and  Johns  Hopkins  University  was  very  poor  and  could 
1  him  tfflck,  and  he  had  to  stop  in  the  midst  of  his  work.  They 
rays  Bay  in  Baltimore  that  no  man  in  that  city  should  die  without 
ring  something  to  Johns  Hopkins.  Now,  Dr.  Pupin  mentioned  a 
a  of  showing  whether  the  rays  were,  reflected — a  little  reflector  in 
ich  he  had  them  brought  to  a  focus,  as  I  recollect  it.  I  have  read  a 
iwunt  in  which  an  experimenter  did  find  the  rays  were  brought  to  I 
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focns,  ehowing,  provisionally  at  least,  that  there  wae  some  regular  reflec- 
tion. But  these  experiiueuts  should  all  he  repeated  many  times  before 
one  actually  believes  the'n.     We  don't  always  believe  what  we  read. 

Now,  as  to  Helmholtz's  theory  of  the  motion  of  ether  and  bo  on — 
trell,  as  I  eaid  before,  what  is  the  motion  of  the  ether?  What  is  motion 
of  the  whole  ether?  You  cajinot  move  the  ether  in  the  whole  universe 
all  at  once,  and  if  you  do  not  move  the  ether  in  the  whole  universe 
all  at  once  but  only  move  a  part,  then  it  is  a  wave,  so  it  amounts  to  the 
theory  that  I  gave— an  impulse,  such  as  Stokes  had.  Now,  an  impulse 
Buch  as  Stokes  had  does  not  go  in  a  straight  line — it  goes  around  cor- 
ners— and  it  dues  not  go  iu  a  straight  line  unless  there  are  lots  of 
waves  coming  out.  We  can  readily  prove  that  an  ordinary  molecule, 
vibrating  to  ordinary  light,  must  give  out  a  hundred  thousand  waves 
without  much  diminution  of  amplitude,  or  else  you  caunot  have  the 
sharp  lines  in  the  apectnim  that  we  do.  The  molecule  must  vibrate  a 
long  time — longer  than  any  bell  that  we  can  make.  We  cannot  find  a 
bell  that  will  give  out  a  himdred  thousand  vibrations  without  much 
diminution.  For  ethereal  waves  something  must  vibrate  to  produce 
them.  What  it  is  I  don't  know  that  there  is  any  necessity  for  discuss- 
ing, because  you  can  discuss  it  forever  and  never  get  any  nearer  to  it. 
Something  vibrates.  Now,  the  thing  that  vibrates  we  don't  know.  We 
don't  know  whether  it  ia  electricity  or  whether  it  is  mechanical  motion. 
We  know  nothing  about  it,  I  have  often  said  to  my  students,  when  I 
showed  them  the  spectrum  of  some  substance  like  uranium,  in  which 
we  were  taking  photograplis  which  would  be  perhaps  ten  feet  long — so 
fine  in  grain  that  you  could  not  put  the  point  of  a  pencil  on  it  without 
finding  a  line.  There  were  thousands  of  lines.  I  said  to  them;  "A 
molecule  of  matter  is  more  complicated  a  great  deal  than  a  piano. 
Counting  the  overtones  and  everything,  you  would  not  probably  get  up 
anywhere  near  the  number  of  tone;;  you  get  out.  of  a  single  molecule  of 
uniuiuni.  Tlier.-fure  it  railier  looks  as  if  the  uranium  molecule  was 
very  complicated,"  Of  course,  all  those  spectrum  lines  do  not  indicate 
fundamental  tones — many  are  hariiionies.  Still  it  is  rather  a  eompli- 
caled  thing  to  get  a  spectrum  in  wliich  tJicre  are  many  thousajids  of 
lines.  So  when  I  come  to  think  what  it  molecule  is  and  try  to  get  up 
some  theorv-  of  it,  I  quite  ngroe  witJi  Dr.  Piipin  that  we  don't  know  any- 
thing about  it. 


DIFFRACTION  GHATINQS 

[En^-gfloptirlia  Brilannica,  A'«o  Vvlumet,  til,  4SH,  4,MP,  19021 

The  grating  is  an  optical  instrument  for  the  production  of  the  spec- 
trum; it  now  generally  replaces  the  prism  in  a  spectroscope  where  large 
diepersion  is  needed,  or  when  the  ultra-violet  portion  of  the  spectrum 
is  to  be  examined,  or  when  the  spectrum  ia  to  be  photographed.  The 
transparent  grating  consiets  of  a  plate  of  glass  covered  with  lampblack, 
gold  leaf,  opat^ue  collodion  or  gelatine,  the  coating  being  scratched 
through  in  parallel  lines  ruled  as  nearly  equidistant  as  possible.  When 
the  lines  are  to  be  ruled  very  close  together,  a  diamond  ruling  directly 
on  glass  ia  used.  Other  trausparent  materials,  such  aa  fluor  spar,  are 
flometimes  substituted  for  glass.  For  certain  researches  on  long  waves 
the  grating  is  made  by  winding  a  very  fine  wire,  1-lOOOth  inch  in  diam- 
eter, in  the  threads  of  two  fine  screws  placed  parallel  to  each  other, 
soldering  the  wire  to  the  screws  and  then  cutting  it  away  on  one  side 
of  the  screws.  As  the  value  of  a  grating  is  dependent  upon  the  number 
of  lines  ruled,  it  is  very  desirable  to  have  their  number  great.  Qlass  is 
so  hard  that  the  diamond  employed  for  the  ruling  wears  away  rapidly; 
and  hence  the  modern  grating  is  generally  a  reilectiug  grating,  which 
is  made  by  ruling  ou  a  speculum  metal  surface  finely  ground  and  pol- 
ished. On  such  a  surface  it  is  possible  to  rule  100,000  lines  without 
damaging  the  diamond,  although  its  point  even  then  often  wears  away 
or  breaks  down.  The  lines  are  generally  so  close  together  as  15,000  or 
20,000  to  the  inch,  although  it  is  feasible  to  rule  them  even  closer — 
say  40,000  to  50,000  to  the  inch.  There  is  little  advantage,  however, 
in  the  higher  number  and  many  disadvantages. 

The  grating  produces  a  variety  of  spectra  from  a  single  source  of 
light,  and  these  are  designated  as  spectra  of  the  first,  second,  etc.,  order, 
the  numbering  commencing  from  the  central  or  reflected  image  and 
proceeding  in  cither  direction  from  it.  The  dispersion  depends  upon 
the  number  of  lines  ruled  in  a  unit  of  length  upon  the  order  of  the 
spectrum,  and  upon  the  angle  at  which  the  grating  is  hold  to  the  source 
of  light.     The  defining  power  depends  upon  its  width  and  the  angles 


JS88  Henry  A,  Rowland 

made  by  the  iDcideut  aod  diffracted  raye,  and  is  is  dependent  of  the 
number  of  lines  per  unit  of  length  ruled  on  the  grating.  If  this  num- 
ber is  too  small,  however,  the  different  order  of  the  spectra  will  be  too 
much  mixed  up  with  eaeh  other  for  easy  vision.  A  convenient  number 
is  15,000  to  30,000  lines  to  the  inch,  or  from  6000  to  8000  to  the 
centimetre.  The  defining  power  is  defined  as  the  ratio  of  the  wave- 
length to  the  distance  apart  of  the  two  spectral  lines  which  can  be  just 
seen  separate  in  the  instrument.  Thus  the  sodium  or  D  lines  have 
wave-lengths  which  diler  from  each  other  by  -SJIT  /^/i,  and  their  aver- 
age wave-lenglh  is  589-3  /i/i,  A  spectroscope  to  divide  them  would 
thus  require  a  defining  power  of  988.  The  most  powerful  gratings  have 
defining  powers  from  100,000  to  200,000.  Lord  Rayleigh's  formula  for 
the  defining  power  is  _ 

D  =  Nn.  " 

When  D  is  the  defining  power,  N  is  the  order  of  the  spectrum,  and  n 
ia  the  total  number  of  lines  ruled  on  the  grating.  As  the  defining 
power  increases  with  N,  and  since  we  can  observe  in  a  higher  order  as 
the  number  of  lines  ruled  in  a  unit  of  length  decreases,  it  is  beat  to 
express  the  defining  power  in  terms  of  the  width  of  the  grating,  w.  In 
this  case  we  have  for  the  maximum  defining  power  0'=^  20,000  w  for 
small  gratings,  or  D'=  15,000  h;  for  extra  fine  large  gratings,  k  being 
the  width  of  the  gratings  in  centimetres.  It  is  seldom  that  very  large 
gratings  are  perfect  enough  tn  have  a  defininjr  power  of  moro  than 
10,000  w,  owing  to  imperfection  of  surface  or  ruling.  The  relative 
brightness  of  the  different  orders  of  spectra  depend  upon  the  shape  of 
the  groove  as  ruled  by  the  diamond.  Xo  two  gratings  are  ever  alike 
in  this  respect,  but  e.xhibit  an  infinite  variety  of  distributions  of  bright- 
ness. Copies  of  glass  gratings  can  be  made  by  photography,  contact 
prints  being  taken  on  cnllodiochloride  of  silver  or  other  dry  plates. 
Reflecting  gratings  can  be  copied  by  pouring  collodion  or  gelatine  over 
the  grating  and  stripping  oil  the  films  thus  formed.  The  latter  warps, 
however,  and  destroys  the  definition  to  a  great  extent.  The  grating 
always  produces  a  brighter  spectrum  in  the  violet  than  a  prism.  In 
the  green  the  reflecting  speculum  metal  grating  may  be  brighter  than 
a  prism  spectroscope  of  five  prisms,  and  for  higher  dispersion  surpasses 
the  prism  specfroscope  both  in  definitimi  and  brightness  in  all  portions 
of  the  spectrum. 

To  produce  the  pure  spnlruiii  from  flat  gratings,  two  telescopes  are 
generallv  used,  as  in  Fig.  1, 
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The  telescopes  are  fixed^  and  the  grating  is  turned  on  its  axis  to  pass 
to  different  portions  of  the  spectrum.  As  the  glass  of  the  telescopes 
absorbs  the  ultra-violet  light,  this  portion  of  the  spectrum  is  cut  oflE 


Fig.  1.  — Method  of  using  Flat  Grating.     A^  soarce  of  light;  B^  slit;  (7,(7,  two  tel- 
escopes, movable  or  fixed;  i>,  grating,  movable  about  its  centre;  E^  eye-piece. 

entirely,  unless  quartz  lenses  are  used.  The  concave  grating  avoids 
this  trouble,  and  produces  a  spectrum  without  the  aid  of  lenses,  the 
lines  being  ruled  on  a  concave  surface  instead  of  on  a  flat  one.     Such  a 
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Fig.  2.  — Method  of  using  Concave  Grating.    A^  source  of  light;  B^  slit;  i>,  grating 
mounted  in  beam  C,  movable  along  the  ways  E^E;  F,  camera-box  or  eyepiece. 

grating,  properly  mounted,  produces  what  has  been  called  a  normal 
spectrum,  and  is  specially  adapted  to  photographic  purposes  (Fig.  2). 
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A  special  form  of  grating  of  great  defining  power  has  been  invented 
by  Professor  Miclielsoii  of  the  University  of  Chicago,  called  the 
'echelon'  speetroscope  {see  Sfectroscopy).  It  is,  however,  of  very 
limited  application. 

See  an  article  on  'Gratings  in  Theory  and  Practice'  in  Asironotnij 
and  Astro-Physics,  XII,  p.  129,  1893. 

{H.  A.  E.) 
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Tbe  question  is  sometimee  asked  us  as  to  the  time  of  year  we  like 

the  best.  To  my  mind,  the  spring  ig  the  most  delightful;  for  Nature 
then  recovers  from  the  apathy  of  winter,  and  stirs  herself  to  renewed 
life.  The  leaves  grow,  and  the  buds  open,  with  a  suggestion  of  vigor 
delightful  to  behold;  and  we  revel  in  this  ever-renewed  life.  But  this 
cannot  always  last.  The  leaves  reach  their  limit;  the  buds  opeo  to  the 
full  and  pass  away.  Then  we  begin  to  ask  ourselves  whether  all  this 
display  has  been  in  vain,  or  whether  it  has  led  to  a  bountiful  harvest. 

So  this  magnificent  country  of  ours  has  rivalled  the  vigor  of  spring 
in  it£  growth.  Fort'Sts  have  been  leveled,  and  cities  built  and  a  large  and 
powerful  nation  has  been  created  on  the  face  of  the  earth.  We  are  prond 
of  our  advancement.  We  are  proud  of  such  cities  as  this,  founded  in  a 
day  upon  a  spot  over  which  but  a  few  years  since,  the  red  man  hunted 
the  buffalo.  But  we  must  remember  that  this  is  only  the  spring  of 
our  country.  Our  glance  niust  not  be  backward;  for,  however  beautiful 
leaves  and  blossoms  are,  and  however  marvelous  their  rapid  increase, 
they  are  but  leaves  and  blossoms  after  all.  Rather  should  we  look 
forward  to  discover  what  will  he  the  outcome  of  all  this  and  what  the 
chance  of  harvest.  For  if  we  do  this  in  time,  we  may  discover  the  worm 
which  threatens  the  ripe  fruit,  or  the  barren  spot  where  the  harvest  is 
withering  for  want  of  water. 

I  am  required  to  address  the  so-called  physical  section  of  this  asso- 


■  In  aslog  tbs  word  "«cleDO«,"  1  r«t«r  to  pbjrdcd  loieoce,  ai  I  know  aotbing  of 
D*tur>l  tclencc.     Probablj  mj  ramarks  will,  howaver>  'ppl?  to  botb,  but  I  do  not 
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ciation.  Fain  would  1  spenk  pleasant  words  to  ;ou  on  this  Bubjed 
lain  would  I  recount  to  you  the  progress  made  in  thia  subject  hy  1 
countrymen,  and  their  noble  efforts  to  understand  the  order  of  | 
universe.  But  I  go  out  to  gailier  the  grain  ripe  to  the  harveBt,  ani 
find  only  tares.  Here  and  there  a  noble  head  of  grain  rises  above  1 
weeds:  but  bo  few  are  they,  that  I  find  the  majority  of  my  countrvEQ 
know  them  not,  but  think  that  they  have  a  waving  haiTp-est,  while  It 
only  one  of  weeds  after  all.  American  science  is  a  thing  of  the  futui 
and  not  of  the  present  or  past;  and  the  proper  course  of  one  m  ^ 
position  is  to  consider  what  must  bo  done  to  create  a  science  of  phym 
in  this  country,  rather  than  to  call  telegraphs,  electric  lights,  and  sud 
conveniences,  by  the  name  of  science.  I  do  not  wish  to  underrate  tlil| 
value  of  all  these  things;  the  progress  of  the  world  de|>end$  on  tiisnj 
and  he  is  to  be  honored  who  cultivates  them  successfully.  So  also  flW 
cook  who  invente  a  new  aud  palatable  dish  for  the  table  benefitt  iJu 
world  to  a  certain  degree;  yet  we  do  not  dignify  him  by  the  naiue  ofl 
chemist.  And  yet  it  is  not  an  uncommon  thing,  especially  in  Ameriai 
newspapers,  iu  have  the  applifJitioiis  of  science  confounded  wiih  piuj 
science;  and  some  obscure  American  who  steals  the  ideas  of  some  gnMJ 
mind  of  the  past,  and  enriches  himself  by  the  application  of  the  saiB 
to  domeEtic  uses,  is  ofti;n  lauded  above  the  great  originator  of  the  Ida 
who  might  have  worked  out  hundreds  of  such  applications,  had  his  mil 
possessed  the  necessary  element  of  iTalgarity.  I  have  often  been  aaka 
which  was  the  more  important  to  the  world,  pure  or  applied  acieU 
To  have  the  applications  of  a  science,  the  science  itself  must  exa 
Shoidd  we  stop  its  progress,  and  attend  only  to  its  applicaliunf.  1 
should  soon  degenerate  info  a  people  like  the  Chinese,  who  have  nui 
no  progress  for  generations,  because  they  have  been  satisfied  with  tl 
applications  of  science,  and  have  never  sought  for  reasons  in  wlial  th 
have  done.  The  reasons  eonstitute  pure  science.  They  have  knol 
the  application  of  gunpowder  for  centuries;  and  yet  the  reasons  (orl 
peculiar  action,  if  sought  in  the  ]>ropcr  manner,  would  have  develop 
the  science  of  chemistry,  aud  even  of  physics,  with  all  their  ouineni 
applications.  By  contenting  themselves  with  the  fact  that  gunpowi 
will  explode,  and  seeking  no  farther,  they  have  fallen  behind  in  ll 
progress  of  the  world;  and  we  now  regard  tJiis  oldest  and  most  numurt 
of  nations  as  only  barbarians,  and  yet  our  own  country  is  in  this 
state.  But  we  have  done  better,  for  we  have  taken  the  science  of 
old  world,  and  applied  it  to  all  our  uses,  accepting  it  like  the 
heaven,  without  asking  whence  it  came,  or  even  acknowledging 
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debt  of  gratitude  we  owe  to  the  great  and  unselfish  workers  who  have 
given  it  to  us;  and,  like  the  rain  of  heaven,  this  pure  science  has  fallen 
upon  our  country^  and  made  it  great  and  rich  and  strong. 

To  a  civilized  nation  of  the  present  day,  the  applications  of  science 
are  a  necessity,  and  our  country  has  hitherto  succeeded  in  this  line 
only  for  the  reason  that  there  are  certain  countries  in  the  world  where 
pure  science  has  been  and  is  cultivated,  and  where  the  study  of  nature 
is  considered  a  noble  pursuit;  but  such  countries  are  rare,  and  those  who 
wish  to  pursue  pure  science  in  our  own  country  must  be  prepared  to 
fiuje  public  opinion  in  a  manner  which  requires  much  moral  courage. 
They  must  be  prepared  to  be  looked  down  upon  by  every  successful 
inrentor  whose  shallow  mind  imagines  that  the  only  pursuit  of  man- 
kind is  wealth,  and  that  he  who  obtains  most  has  best  succeeded  in  this 
world.    Everybody  can  comprehend  a  million  of  money;  but  how  few 
can  comprehend  any  advance  in  scientific  theory,  especially  in  its  more 
ilstnise  portions!    And  this,  I  believe,  is  one  of  the  causes  of  the  small 
moaber  of  persons  who  have  ever  devoted  themselves  to  work  of  the 
Idgher  order  in  any  human  pursuit.     Man  is  a  gregarious  animal,  and 
depends  very  much,  for  his  happiness,  on  the  sympathy  of  those  around 
iim;  and  it  is  rare  to  find  one  with  the  courage  to  pursue  his  own  ideas 
^ipite  of  his  surroundings.     In  times  past,  men  were  more  isolated 
"ftan  at  present,  and  each  came  in  contact  with  a  fewer  number  of 
people.    Hence  that  time  constitutes  the  period  when  the  great  sculp- 
fcnres,  paintings  and  poems  were  produced.     Each  man's  mind  was  com- 
tmtively  free  to  follow  its  own  ideals,  and  the  results  were  the  great 
•■d  imique  works  of  the  ancient  masters.     To-day  the  railroad  and  the 
U^iaph,  the  books  and  newspapers,  have  united  each  individual  man 
hiih  the  rest  of  the  world;  instead  of  his  mind  being  an  individual,  a 
Bung  apart  by  itself,  and  unique,  it  has  become  so  influenced  by  the 
hrter  world,  and  so  dependent  upon  it,  that  it  has  lost  its  originality  to 
Kgreat  extent.    The  man  who  in  times  past  would  naturally  have  been 
kUxe  lowest  depths  of  poverty,  mentally  and  physically,  to-day  meas- 
ktt  tape  behind  a  counter,  and  with  lordly  air  advises  the  naturally 
|m  genius  how  he  may  best  bring  his  outward  appearance  down  to  a 
kd  with  his  own.    A  new  idea  he  never  had,  but  he  can  at  least  cover 
h  mental  nakedness  with  ideas  imbibed  from  others.     So  the  genius . 
fthe  past  soon  perceives  that  his  higher  ideas  are  too  high  to  be 
|veciated  by  the  world;  his  mind  is  clipped  down  to  the  standard 
(Bi;  every  natural  oflEshoot  upwards  is  repressed,  until  the  man  is  no 
Jier  than  his  fellows.     Hence  the  world,  through  the  abundance  of 
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ita  intercourse,  is  reduced  to  a  level.  What  was  formerly  &  grand  s 
magnilicent  landscape,  with  mountains  ascending  aliove  the  clouds,  au 
depths  whose  gloom  we  cannot  now  appreciate,  has  become  s 
peaceful.  The  depths  have  been  filled,  and  the  heights  levelled,  ■ 
the  wavy  harvests  and  smoky  factories  cover  the  landscape. 

As  far  as  the  average  man  is  concerned,  the  change  is  for  the  h 
The  average  life  of  man  is  far  pleasanter,  and  his  mental  condi'tiM 
better,  tlian  before.  But  we  miss  the  vigor  imparted  by  the  mountain*. 
We  are  tired  of  mediocrity,  the  curse  of  our  country;  we  are  tired  0/ 
seeing  our  artists  reduced  to  hirelings,  and  imploring  Congn-ss  to  prolwt 
them  against  foreign  competition;  we  are  tired  of  seeing  our  counln- 
men  take  their  science  from  abroad,  and  boast  that  they  here  couTe" 
it  into  wealth;  we  are  tired  of  seeing  our  professors  degrading  ibeii 
chairs  by  the  pursuit  of  applied  science  instead  of  pure  science,  or  sit- 
ting inactive  while  the  whole  world  is  open  to  investigation;  hngenng 
by  the  wayside  while  the  problem  of  the  imiverse  remains  unsolved.  W 
wish  for  something  higher  and  nobler  in  this  country  of  mediocrity,  fi 
mountain  to  relieve  the  landscape  of  its  monotony.  We  are  surround 
with  mysteries,  and  have  been  created  with  minds  to  enjoy  and  T« 
to  aid  in  the  unfolding  of  such  mysteries.  Nature  calls  to  ns  to  si 
her,  and  our  better  feelings  urge  us  in  the  same  direction. 

For  generations  there  have  tieen  some  few  students  of  science  ■ 
have  esteemed  the  study  of  nature  the  most  noble  of  pursuits, 
have  been  wealthy,  and  some  poor;  but  they  have  all  had  one  thii^ 
common,^the  love  of  nature  and  its  laws.  To  these  few  men  the  » 
owes  all  the  progress  due  to  applied  science,  and  yet  very  t^w  t 
received  any  payment  in  this  world  for  their  labors. 

Faraday,  the  great  discoverer  of  the  principle  on  which  all  n 
for  electric  lighting,  electric  railways,  and  the  transmission  of  p 
must  rest,  died  a  poor  man,  although  others  and  the  whole  world  1 
been  enriched  by  his  discoveries;  and  such  must  be  the  fate  of 
followers  in  his  footsteps  for  some  time  to  come. 

But  there  will  be  those  in  the  future  who  will  stndy  nature  I 
pure  love,  and  for  them  higher  prizes  than  any  yet  obtained  are  wail 
We  have  but  yet  commenced  our  pursuit  of  science,  and  stand  upon 
threshold  wondering  what  there  is  within.  We  explain  the  uiotid 
the  planets  by  the  law  of  gravitation;  but  who  will  explain  how 
bodies,  millions  of  miles  apart,  tend  to  go  toward  each  other  1 
certain  force?  We  now  weigh  and  measure  electricity  and  elect.nc 
rents  with  as  much  ease  as  ordinary  matter,  yet  have  i 
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ipproach  tn  an  pxplarnli'm  of  the  phennmenon  of  electricity?  Light  is 
&n  undulatory  motion,  and  yet  do  we  know  what  it  is  that  unditlateB? 
Heat  ie  motion,  yet  do  we  know  what  it  is  that  moves?  Ordinary  matter 
common  substance,  and  yet  who  shall  fathom  the  mystery  of  ita 
internal  constitution? 

There  ia  room  for  al!  in  the  work,  and  the  race  has  but  commenced. 
The  problems  are  not  to  be  solved  in  a  moment,  but  need  the  beat  work 
ot  the  best  minds,  for  an  indefinite  time. 

Shall  our  country  be  contented  to  stand  by,  while  other  countries  lead 

inihe  race?     Shall  wu  alwuys  grovel  in  the  dust,  and  pick  up  the  erumbu 

which  fall  from  the  rich  man's  table,  considering  ourselves  richer  than 

be  because  we  have  more  crumbs,  while  we  forget  that  he  has  the  cake, 

•liich  is  the  source  of  all  crumbs?     Shall  we  be  swine,  to  whom  the 

Km  aad  husks  are  of  more  value  than  the  pearls?    If  I  read  aright  the 

ngna  of  the  times,  I  think  we  shall  not  always  be  contented  with  our 

inferior  position.     From  looking  down  we  have  almost  become  blind. 

kt  may  recover.     In  a  new  country,  the  necessities  of  life  must  he 

ittended  to  first.     The  curse  of  Adam  is  upon  us  aJl,  and  we  must  earn 

Hirl»«ad. 

int  it  is  the  mission  of  applied  science  to  render  this  easier  for  the 

'bole  world.     There  is  a  story  which  I  once  read,  which  will  illustrate 

M  true  position  of  applied  science  in  the  world.     A  boy,  more  fond 

reading  than  of  work,  was  employed,  in  the  early  days  of  the  steam- 

le,  to  turn  the  valve  at  every  stroke.     Necessity  was  the  mother  of 

tion  in  his  case:  his  reading  was  disturbed  by  his  work,  and  he 

a  discovered  that  he  might  become  free  from  his  work  by  so  tying 

ralve  to  some  movable  portion  of  the  engine,  as   to  make  it  move  its 

1  valve.     So  I  consider  that  the  true  pursuit  of  mankind  is  intellec- 

•Sil.     The  scientific  study  of  nature  in  all  its  branches,  of  mathematics, 

mankind  in  its  past  and  present,  the  pursuit  of  art.  and  the  cultiva- 

n  of  all  that  is  great  and  noble  in  the  world.— these  are  the  highest 

ition  of  mankind.     Commerce,  the  applications  of  science,  the 

jiUatioD  of  wealth,  are  necessities  which  are  a  curse  to  those  with 

but  a  blessing  to  that  portion  of  the  world  which  has  neither 

nor  the  taste  for  higher  pursuits. 

applications  of  science  multiply,  living  becomes  easier,  the 

for  the  purchase  of  apparatus  can  be  obtained,  and 

it  of  other  things   besides  the   necessities   of  life   becomes 

the  moral  qualities  must  also  be  cultivated  in  proportion  to  the 
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wealth  of  the  country,  before  much  can  be  done  in  pure  science.     The 

succeseful  sculptor  or  painter  naturally  attains  to  wealth  through  the 
legitimate  work  of  his  prnfoesion.  The  novelist,  the  poet,  the  musician, 
all  have  wealth  before  ttietn  ns  the  end  of  a  successful  careor.  But  the 
scienliBt  and  the  tnathematicion  have  no  such  incentive  to  work:  they 
must  earn  t^ieip  living  by  other  pursuits,  usually  teaching,  anil  only 
devote  their  surplus  time  to  the  true  pursuit  of  their  science.  And 
frequently,  by  the  small  salary  which  they  receive,  by  the  lack  of  instru- 
mental and  literary  facilities,  by  the  mental  atmosphere  in  which  they 
esist,  and,  most  of  all,  by  their  low  ideals  of  life,  they  are  led  to  devote 
their  surplus  time  to  applied  science  or  to  other  means  of  increaRing 
their  fortune.  How  shall  we,  then,  honor  the  few,  the  very  few,  who,  in 
spito  of  all  difficulties,  have  kept  their  eyes  fixed  on  the  goal,  and  have 
steadily  worked  for  pure  science,  giving  to  the  world  a  most  precious 
donation,  which  has  home  fruit  in  our  greater  knowledge  of  the 
universe  and  in  the  applications  to  our  physical  life  which  have  enridied 
thousands  and  benefited  each  ore  of  us?  There  are  also  those  who  have 
every  facility  for  the  pursuit  of  science,  who  have  an  ampk  salary  and 
ever)'  appliance  for  work,  yet  who  devote  themselves  to  commercial  work, 
to  testifying  in  courts  of  law.  and  to  any  other  work  to  increase  their 
present  large  income.  Such  men  would  be  respectable  if  they  gave  up 
the  name  of  professor,  and  took  thil  of  ccnsultiug  chemist  or  physit-ist. 
And  such  men  are  needed  in  the  community.  But  for  a  man  to  occupy 
the  professor's  chair  in  a  prominent  college,  and,  by  his  energy  and 
ability  in  the  cnmmoroiol  appticntiors  of  hi?  science,  stand  before  the 
local  coinnninity  as  n  ncwi^paiier  cxjionent  of  his  science,  is  a  disgrace 
both  to  luni  ;in()  liii;  collc^'c.  It  is  the  death-blow  to  science  in  thai 
region.  Call  him  by  liis  luojicr  name,  and  he  becomes  at  once  0  useful 
member  of  llic  cominiiTiily.  Pul  in  liis  place  a  man  who  shall  by  pro- 
cept  and  o\;hii|i]c  ciiltiiiitc  his  i-cicnce.  and  how  difTerent  is  the  TauW. 
Young  men,  looking  I'urwiird  into  the  world  for  something  to  do,  see 
before  tlieiii  ihW  hi^li  nn<l  noble  life,  and  they  s^ee  that  there  is  sonn'- 
tliing  more  lionoruble  ihiiu  the  accumulation  of  wealth.  They  are  thii* 
led  to  dcvnti'  their  live?  lo  similar  piu-sitits,  and  they  honor  the  professor 
who  biis  fh-.nvu  llinn  lo  siii,K>|]iiiiir  liif'licr  than  they  might  otlienrife 
have  aspired  to  reach. 

1  do  not  wLi^h  to  be  misundur.--lood  ill  this  matter.  It  is  no  disgrace 
to  make  money  by  an  invention,  or  otherwise,  or  to  do  commercial 
*ricntillc  wiirk  under  some  circumstances;  but  let  pure  science  be  the 
aim  of  tliose  in  the  cliaii-s  of  ]>rofc^,-iors,  and  so  prominently  the  aim  that 
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fiiere  can  be  no  mistake.  If  our  aim  in  life  is  wealth,  let  ua  honestly 
engage  in  commcTcial  pursuite,  and  compete  with  others  for  its  poaaes- 
lioii;  but  if  we  choose  a  life  which  we  consider  higher,  let  ua  live  up  to 
it,  taking  weallh  or  poverty  as  it  may  chance  to  come  to  m,  hut  letting 
neither  turn  us  aside  from  our  pursuit. 

Tlie  work  of  teacliing  may  absorb  the  energies  of  many;  and,  indeed, 
BiiB  is  the  excuse  given  by  most  for  not  doing  any  scientific  work.  But 
there  is  an  old  saying,  that  where  there  is  a  will  there  is  a  way.  Few 
professors  do  as  much  teaching  or  lecturing  as  the  Gennan  profesaors, 
tiio  are  also  noted  for  their  elaborate  papers  in  the  scientific  journals. 
■myBelf  have  heeu  burdened  down  with  work,  and  know  what  it  is:  and 
et  I  here  assert  that  all  can  find  time  for  scientific  research  if  they 
iraire  it.  But  here,  again,  that  curse  of  our  country,  mediocrity,  is 
J»D  ua.  Our  colleges  and  universities  seldom  call  for  first-class  men 
ti  reputation,  and  I  have  even  heard  the  trustee  of  a  well-known  college 
t  that  no  professor  should  engage  in  reaeareh  Ijecause  of  the  time 
rested,  I  was  glad  to  see.  soon  after,  8y  the  call  of  a  prominent  scientist 
lothat  college,  that  the  majority  of  the  trustees  did  not  agree  with  him. 
That  teaching  is  inifH.uiant  goea  without  saying.  A  succe^ful  teacher 
I  to  be  respected;  hut  if  he  does  not  lead  his  scholars  to  that  which  is 
jhest,  is  he  not  blameworthy?  We  are,  then,  to  look  to  the  colleges 
4  universities  of  the  land  for  most  of  the  work  in  pure  science  which 
■done.  Let  us  therefore  examine  these  latter,  and  see  what  the  pros- 
peetis. 

One,  whom  perhaps  we  may  here  style  a  practical  follower  of  Euskin, 
'iu  elated  that  while  in  this  country  he  was  variously  designated  by  the 
fitle  of  captain,  colonel,  and  professor.  The  story  may  or  may  not  be 
Be,  but  we  all  know  enough  of  the  customs  of  our  countrymen  not  to 
Ipute  it  on  general  principles.  All  men  are  bom  equal:  some  men 
ie  of  captain,  colonel,  and  professor.  The  story  may  or  may  not  be 
te  logic  ie  conclusive;  and  the  same  kind  of  logic  seems  to  have  been 
plied  to  our  schools,  colleges,  and  universities,  I  have  before  roe  the 
tort  of  the  commissioner  of  education  for  1880.  According  to  that 
(ort,  there  were  389,'  or  aay,  in  round  numbers,  400  institutions,  call- 
;  themselves  colleges  or  universities,  in  our  country!  We  may  well 
1  that  ours  is  a  great  country,  having  more  than  the  whole  world 
ie.  The  fact  is  sufficient.  The  whole  earth  could  hardly  support 
1  B  number  of  6rBt-clasB  institutions.     The  curse  of  mediocrity  must 
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be  upon  them,  to  Bwarm  in  such  numbers.  They  must  be  a  cloud  of" 
moequitoee,  instead  of  eagloe  ae  they  profess;  and  this  becomt-s  evident 
on  further  analyeie.  About  one-third  aspire  to  the  name  of  univerBity; 
and  I  note  one  called  by  that  name  which  has  two  professors  and 
eighteen  students,  and  another  having  three  teachers  and  twelve  etu- 
dents!  These  instances  are  not  unique,  for  the  number  of  small  insti- 
tutions and  schools  which  call  themselves  universities  is  very  great.  It 
is  difiicult  to  decide  from  the  statistics  alone  the  exact  standing  of  these 
institutions.  The  extremes  are  easy  to  manage.  Who  can  doubt 
that  an  institution  with  over  eight  hundred  stiidents,  and  a  faculty  of 
seventy  is  of  a  higher  grade  than  those  above  cited  having  ten  or  twenty 
students  and  two  or  three  in  the  faculty?  Yet  this  is  not  always  true: 
for  I  note  one  institution  with  over  five  hundred  students  which  ia 
known  to  me  personally  as  of  fhe  grade  of  a  high  school.  The  statistics 
are  more  or  less  defective,  and  it  would  much  weaken  the  force  of  my 
remarks  if  I  went  too  much  into  detail.  I  append  the  following  tahlee> 
however,  of  330  so-called  colleges  and  universities: 

818  had  from  0  to  100  students. 
88  had  from  100  to  200  students. 
12  had  from  200  to  300  student*. 

6  had  from  300  to  500  studenta. 

(j  had  over  500  students. 

Of  328  BO-called  colleges  and  universities: 


206  had  0  to  10  i 
99  had  10  to  20  i 
ir  had  20  or  ovei 


the  faculty, 
the  faculty, 
in  the  faculty. 


If  the  statistics  were  forthcoming, — and  possibly  they  may  exist, — 
wc  might  also  get  an  idea  of  fhe  standing  of  these  institutions  and  their 
approach  to  the  true  university  idea,  by  the  average  age  of  the  scholars. 
Possibly  also  the  ratio  of  number  of  scholars  to  teachers  might  be  of 
some  help.  All  these  mothods  give  an  approximation  to  the  present 
standing  of  the  institutions.  Rut  there  is  another  method  of  attacking 
the  problem,  which  is  very  exact,  yet  it  only  gives  us  the  possibilities  in 
the  case  of  the  institutious.  I  refer  to  the  wealth  of  the  institution. 
In  estimating  the  wealth,  I  have  not  included  the  value  of  grounds  and 
buildings,  for  this  is  of  little  importance,  either  to  the  present  or  future 
islanding  of  the  instilutioti,  as  good  work  can  be  done  in  a  hovel  as  in  a 
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palace.     I  have  taJcen  the  productive  funds  of  the  inBtitntion  as  the 
baEiB  of  eeUmate.     I  find: 

234  have  below  $500,000. 

8  have  between  $500,000  and  $1,000,000. 
8  have  over  $1,000,000. 
There  is  no  fact  more  firmly  establiBhed,  all  over  the  world,  than  that 
the  higher  education  can  never  be  made  to  pay  for  itself.  llBnally  the 
cost  to  a  college,  of  educating  a  young  man,  very  much  exceeds  what 
he  pays  for  it,  and  is  often  three  or  four  times  as  much.  The  higher 
the  education,  the  greater  this  proportion  will  be;  and  a  university  of 
the  highest  class  should  anticipate  only  a  small  accesGion  to  its  income 
from  the  fees  of  students.  Hence  the  teet  I  have  applied  must  give  a 
true  representation  of  the  possibilities  in  every  case-  According  to  the 
figures,  only  sixlcen  colleges  and  universities  have  $.500,000  or  over  of 
invested  funds,  and  only  one-half  nf  these  have  $1,000,000  and  over. 
Now,  even  the  latter  sum  is  a  very  small  endowment  for  a  college;  and 
to  call  any  institution  a  university  which  has  less  than  $1,000,000  is  to 
render  it  absurd  iu  the  face  of  the  world.  And  yet  more  than  100  of 
our  institutions,  many  of  them  very  respectable  colleges,  have  abused 
the  word  "  university "  in  this  manner.  It  is  to  be  hoped  that  the 
endowment  of  the  more  respectable  of  these  inatitutions  may  be  in- 
creased, as  many  of  them  deserve  it;  and  their  unfortunate  appellation 
hafi  probably  been  repented  of  long  since. 

But  what  shall  we  think  of  a  community  that  gives  the  charter  of 
a  university  to  an  institution  with  a  total  of  $20,000  endowment,  two 
so-called  professors,  and  eighteen  students!  or  another  with  three 
professors,  twelve  students,  and  a  total  of  $87,000  endowment,  mostly 
invested  in  buildingsl  And  yet  there  are  very  many  similar  institu- 
liona;  there  being  sixteen  with  three  professors  or  less,  and  very  many 
indeed  with  only  four  or  five. 

Such  facts  as  these  could  only  exist  in  a  democratic  country,  where 
pride  ia  taken  in  reducing  everything  to  a  level.  And  I  may  also  say, 
that  it  can  only  exist  in  the  early  days  of  such  a  democracy;  for  an 
intelligent  public  will  soon  perceive  that  calling  a  thing  by  a  wrong 
name  does  not  change  its  cliarncter,  and  that  truth,  above  all  things, 
should  be  taught  to  the  youth  of  the  nation. 

It  may  he  urged,  that  all  these  institutions  are  doing  good  work  in 
education;  and  that  many  young  men  are  thus  taught,  who  could  not 
afford  to  go  t«  a  true  college  or  university.     But  I  do  not  object  to  the 
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education, — thougli  I  liave  no  doubt  an  ioveetigation  would  disclos 
eiiual  absurdities  here, — for  it  is  aside  from  my  object.  But  I  do  object 
to  lowering  the  ideale  of  the  youth  of  the  couiitry.  Let  them  kuow  that 
they  are  atfcnding  a  sfhci'l.  and  not  n  univoi-sity:  and  let  them  know 
that  above  them  comes  the  college,  and  above  that  the  university.  Lei 
them  be  taught  that  they  are  only  half  educated,  and  that  there  are 
persons  in  the  world  by  whosi;  side  they  arc  but  atoms.  In  other  words, 
let  them  be  taught  the  truth. 

It  may  be  that  some  small  institutionfi  are  of  high  grade,  especially 
those  whiph  are  new;  but  who  can  doubt  that  more  than  two-tliirds  of 
our  institutions  calling  themselves  colleges  and  universities  are  un- 
worthy of  the  name?  Each  one  of  thepe  institutions  hae  so-called  pro- 
fessors, but  it  is  evident  that  they  can  be  only  of  tho  gmis  of  teachers. 
Why  should  they  not  be  so  oUled?  The  jiosition  of  teacher  is  on 
honored  one,  but  is  not  made  more  honorable  by  the  assumption  of  a 
false  title.  Furthermore,  the  multiplication  of  thi!  title,  and  the  ease 
with  which  it  can  be  obtained,  render  it  scarcely  worth  striving  for. 
When  the  man  of  energy,  ability,  and  perhaps  genius  is  rewarded  by 
the  same  title  and  emoluments  as  the  commonplace  man  with  the 
modicum  of  knowledge,  who  takes  to  teaching,  not  because  of  any  apti- 
tude for  his  work,  but  possibly  because  he  has  not  the  energy  to  com- 
pete with  his  fellow-men  in  busiiness.  then  I  say  one  of  the  inducemenis 
for  the  first-class  men  to  become  professors  is  gone. 

When  work  and  ability  are  required  for  the  position,  and  when  the 
profcssior  f?  pxpoctcd  to  kcc]i  up  with  (he  prnpresi*  of  his  i?ubject.  and 
to  do  all  in  his  prwcr  to  ndvinicc  it,  and  when  he  is  selected  for  the^e 
reasons,  then  tlir  position  will  bo  worth  working  for,  and  the  successful 
competitor  will  bo  honored  accordingly.  The  ehivalric  spirit  which 
prompted  Fiiradny  to  devote  bis  life  to  tlie  study  of  nature  may  actuate 
a  few  niililo  men  to  give  their  lives  to  i-eieatific  work;  but  if  wo  wish  to 
eultivalc  this  highet^t  clasis  of  men  in  science,  we  must  open  a  career 
for  them  worthy  of  their  clTorts. 

Jennv  Lind.  with  her  beiiutiful  voice,  would  have  cultivated  it  to 
some  extent  in  her  uiilive  villii're:  yet  who  would  expect  her  to  travel 
over  tho  world,  and  jrive  conierts  for  nothing?  and  how  would  she  havo 
been  able  to  do  so  if  she  bud  wished?  And  so  the  scientiiic  man,  what- 
ever his  natural  (ah'nts.  must  linvc  iiir-lruments  and  a  library,  and  a 
suitable  and  resi)fdiLbk-  f-nhiry  to  live  upon,  before  he  is  able  to  exert 
himself  to  liis  full  eapaeily.  Tills  is  true  of  advance  in  all  the  higher 
departnicnb  of  human  k'L!inii\^f.  and  yet  something  more  is  necessary. 
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It  is  not  those  in  this  country  who  receive  the  largest  salary,  and  have 
positions  in  the  richest  colleges,  who  have  advanced  their  subject  the 
most:  men  receiving  the  highest  salaries,  and  occupying  the  professor's 
chair,  are  to-day  doing  absolutely  nothing  in  pure  science,  but  are  striv- 
ing by  the  commercial  applications  of  their  science  to  increase  their 
already  large  salary.  Such  pursuits,  as  I  have  said  before,  are  honorable 
in  their  proper  place;  but  the  duty  of  a  professor  is  to  advance  his  science, 
and  to  set  an  example  of  pure  and  true  devotion  to  it  which  shall  demon- 
strate to  his  students  and  the  world  that  there  is  something  high  and 
noble  worth  living  for.  Money-changers  are  often  respectable  men,  and 
yet  they  were  once  severely  rebuked  for  carrying  on  their  trade  in  the 
court  of  the  temple. 

Wealth  does  not  constitute  a  university,  buildings  do  not:  it  is  the 

men  who  constitute  its  faculty,  and  the  students  who  learn  from  them. 

It  is  the  last  and  highest  step  which  the  mere  student  takes.     He  goes 

forth  into  the  world,  and  the  height  to  which  he  rises  has  been  influenced 

by  the  ideals  which  he  has  consciously  or  unconsciously  imbibed  in  his 

university.     If  the  professors  under  whom  he  has  studied  have  been 

high  in  their  profession,  and  have  themselves  had  high  ideals;  if  they 

have  considered  the  advance  of  their  particular  subject  their  highest 

work  in  life,  and  are  themselves  honored  for  their  intellect  throughout 

the  world, — the  student  is  drawn  toward  that  which  is  highest,  and 

«^er  after  in  life  has  high  ideals.    But  if  the  student  is  taught  by  what 

*re  sometimes  called  good  teachers,  and  teachers  only,  who  know  little 

^ore  than  the  student,  and  who  are  often  surpassed  and  even  despised 

*>J  him,  no  one  can  doubt  the  lowered  tone  of  his  mind.     He  finds  that 

^y  his  feeble  eflEorts  he  can  surpass  one  to  whom  a  university  has  given 

*t«  highest  honor;  and  he  begins  to  think  that  he  himself  is  a  bom 

Renins,  and  the  incentive  to  work  is  gone.     He  is  great  by  the  side  of 

*Qe  molehill,  and  does  not  know  any  mountain  to  compare  himself  with. 

A  university  should  have  not  only  great  men  in  its  faculty,  but  have 

Numerous  minor  professors  and  assistants   of  all   kinds,   and  should 

^courage  the  highest  work,  if  for  no  other  reason  than  to  encourage 

tke  student  to  his  highest  efforts. 

But,  assuming  that  the  professor  has  high  ideals,  wealth  such  as  only 
I  large  and  high  university  can  command  is  necessary  to  allow  him  the 
fallest  development. 

And  this  is  specially  so  in  our  science  of  physics.  In  the  early  days 
of  physics  and  chemistry,  many  of  the  fundamental  experiments  could 
be  performed  with  the  simplest  apparatus.     And  so  we  often  find  the 
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names  of  Wollaston  and  Faraday  rneDtioned  as  needing  scarcely" 
thing  for  their  researchoB.  Much  can  even  now  be  done  with  the  sim- 
plest apparatus,  and  nobody,  escept  the  utterly  incompetent,  need  stop 
for  want  of  it;  but  the  fact  reniaiuB,  that  one  can  only  be  free  to  investi- 
gate in  a!]  departments  of  chemistry  and  physics,  when  he  not  only  ha£ 
a  complete  laboratory  at  his  command,  but  a  fund  to  draw  on  for  th« 
expenses  of  each  experiment.  That  simplest  of  the  departments  of 
physics,  namely,  astronomy,  has  now  reached  such  perfection  that 
nobody  can  expect  to  do  much  more  in  it  without  a  perfectly  equipped 
obeervatory;  and  even  this  would  be  useless  without  an  income  sufficient 
to  employ  a  corps  of  assistants  to  make  the  observations  and  computa- 
tions. But  even  in  this  simplest  of  physical  subjects,  there  is  great 
misunderstanding.  Our  country  has  very  many  excellent  observatorieB, 
and  yet  little  work  is  done  in  comparison,  because  no  provision  has  bern 
made  for  maintaining  the  work  of  the  observatory;  and  the  wealth 
which,  if  concentrated,  might  have  made  one  effective  observatory  which 
would  prove  a  benefit  to  astronomical  science,  when  scattered  among  a 
half-dozen  merely  furnishes  telescopes  for  the  people  in  the  surrounding 
region  to  view  the  moon  with.  And  here  I  strike  the  keynote  of  at  least 
one  need  of  our  country,  if  she  would  stand  well  in  science;  and  the 
following  item  which  I  clip  from  a  newspaper  will  illustrate  the  matter: 
"The  eccentric  old  Canadian,  Arunah  Huntington,  who  left  $200,000 
to  be  divided  among  the  public  schools  of  Vermont,  has  done  something 
which  will  be  of  little  practical  value  to  the  schools.  Each  district  will 
be  entitled  to  the  insignificant  sum  of  $10,  which  will  not  advance 
much  the  cause  of  education." 

Nol.ody  will  dis|)utc  Iho  folly  of  sucli  a  bequest,  or  the  folly  of  fillins 
the  country  with  telescopes  to  look  at  the  moon,  and  calling  them 
observatories.  How  miich  better  to  concentrate  the  wealth  into  a  few 
parcels,  and  make  first-class  obsevvatories  and  institutions  with  it! 

Ls  it  possible  that  any  of  uiir  four  luuulred  colleges  and  universities 
have  love  enough  of  learning  lo  unite  with  each  other  and  form  larger 
institutions?  la  it  possible  that  any  have  such  a  love  of  truth  that  they 
.are  willing  to  be  called  by  tbeir  right  name?  I  fear  not;  for  the  spirit 
of  oxpcetafion,  which  is  analognu?  to  the  spirit  of  gambling,  is  strong  in 
the  American  breast,  and  each  institution  wiiicb  now,  except  in  name, 
t^lumliiTs  in  obscurity,  expects  in  time  to  bloom  out  into  full  prosperity. 
Althougli  many  of  them  are  under  religious  influence,  where  truth  is 
ineuleateil.  and  where  men  are  taiigiit  to  take  a  low  scat  at  the  table 
in  order  that  tbey  may  be  honored  by  being  called  up  higher,  and  not 


i 


I 


A  Plea  for  Puhe  Scienoe  G05 

dishonored  by  beiag  thrust  down  lower,  yet  these  institutions  have  thrust 
ihemselves  into  the  highest  seatB,  and  cannot  probably  be  dielodged.  . 

But  would  it  not  be  possible  eo  to  change  public  opinion  that  no 
college  could  be  founded  with  a  leas  endowment*  than  say  $1,000,000, 
or  no  university  with  less  than  three  or  four  times  that  amount.  From 
the  report  of  the  cciumissioner  of  education,  I  learn  that  such  a  thing 
IB  taking  place;  that  the  tendency  towards  large  institutions  is  increas- 
iug,  and  that  it  is  principally  in  the  west  and  southwest  that  the  multi- 
plication of  small  institutions  with  big  names  is  to  be  feared  most,  and 
that  the  east  ia  almost  ready  for  the  great  coming  university. 

The  total  wealth  of  the  four  hundred  colleges  and  universities  in  IftSO 
was  about  $40,000,000  in  buildings,  and  $43,000,000  in  productive 
funds.  This  would  be  sufEcient  for  one  great  university  of  $1.0,000,000, 
lour  of  $5,000,000.  and  twenty-six  colleges  of  $2,000,000  each.  But 
such  an  idea  can  of  course  never  be  carried  out.  Government  appro- 
priations are  out  of  the  question,  because  no  political  trickery  must  be 
•llowed  aroiind  the  ideal  institution. 

In  the  year  1880  the  private  bequests  to  all  schools  and  colleges 
■mounted  to  about  $5,500,000;  and,  although  there  was  one  bequest  of 
tl.SflO.OOO,  yet  the  amount  does  not  appear  to  be  phenomenal.  It 
^fould  thus  seem  that  the  total  amount  was  about  five  miUion  dollars  in 
One  year,  of  which  more  than  half  is  given  to  so-called  colleges  and 
'•niverHities.  It  would  he  very  difficult  to  regulate  these  bequests  so 
that  they  might  he  concentrated  sufficiently  to  produce  an  immediate 
*«aii]t.  But  the  figures  show  that  generosity  is  a  prominent  feature  of 
''le  American  people,  and  that  the  needs  of  the  country  only  have  tn 
"e  appreciated  to  have  the  funds  forthcoming.  We  must  make  the 
•*«d  of  research  and  o£  pure  science  felt  in  the  country.  We  must  live 
'(ich  lives  of  pure  devotion  to  our  science,  that  all  shall  see  that  we  ask 
^Or  money,  not  that  we  may  live  in  indolent  ease  at  the  expense  of 
Purity,  but  that  we  may  work  for  that  which  has  advanced  and  will 
Mvance  the  world  more  than  any  other  subject,  both  intellectually  and 
Mysically.  We  must  live  &uch  lives  as  to  neutralize  the  influence  of 
Ubwe  who  in  high  places  have  degraded  their  profession,  or  have  given 
•lemselves  over  to  ease,  and  do  nothing  for  the  science  which  they 
^BpreseDt.  Let  us  do  what  we  can  with  the  present  means  at  our  dis- 
eaal.  There  is  not  one  of  us  who  is  situated  in  the  position  best 
^pted  to  bring  out  all  his  powers,  and  to  allow  him  to  do  most  for 
ia  science.  All  have  their  difficulties,  and  I  do  not  think  that  c 
incea  will  ever  radically  change  a  man.     If  a  man  has  the  instinct  a 
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reeearch  in  him,  it  will  aJwajs  show  itself  in  some  form.  But  cireunK 
Btances  may  direct  it  into  new  paths,  or  may  foster  it  bo  that  what 
would  otherwise  have  died  as  a  bud  now  blossoms  and  ripens  into  the 
perfect  fruit. 

Americans  have  shown  no  lack  of  invention  in  Email  things;  and  the 
aame  spirit  when  imited  to  knowledge  and  love  of  science,  becomes  the 
spirit  of  research.  The  telegraph -operator,  with  his  limited  knowledge 
of  electricity  and  its  laws,  naturally  turns  his  attention  to  the  improve- 
ment of  the  only  electrical  instrument  he  knows  anything  about;  and  his 
researches  would  be  confined  to  the  limited  sphere  of  his  knowledge, 
and  to  the  simple  laws  with  which  he  is  acquainted.  But  as  hia  knowl- 
edge increases,  and  the  field  broadens  before  him,  as  he  studies  the 
mathematical  theory  of  the  subject,  and  the  electromagnetic  theory  of 
light  loses  the  dim  haze  due  to  distance,  and  becomes  his  constant  com- 
panion, the  telegraph  instrument  becomes  to  him  a  toy,  and  his  effort 
to  discover  something  new  becomes  research  in  pure  science. 

It  is  uselesB  to  attempt  to  advance  science  until  one  has  mastered  the 
ecieuce:  he  must  step  to  the  front  before  his  blows  can  tell  in  the 
strife.  Furthermore,  I  do  not  believe  anybody  can  be  thorough  in  any 
department  of  science,  without  wishing  to  advance  it.  In  the  study  of 
what  is  known,  in  the  reading  of  the  scientific  journals,  and  the  discus- 
eions  therein  contained  of  the  current  scientific  questions,  one  would 
obtain  an  impulse  to  work,  even  though  it  did  not  before  exist;  and  the 
eame  spirit  which  prompted  him  to  seek  what  was  already  known  would 
make  him  wish  to  know  the  unknown.  And  T  may  say  that  I  never  mr-r 
a  case  of  thorough  knowlct'ge  iu  my  owu  science,  except  in  the  case  of 
well-known  investigators.  I  have  met  men  who  talked  well,  and  I  have 
sometimes  asked  myself  why  they  did  not  do  something;  but  further 
knowledge  of  their  character  has  shown  the  superficiality  of  their 
knowledge.  I  am  no  longer  a  believer  in  men  who  could  do  something 
if  Ihey  would,  or  would  do  something  if  they  had  a  chance.  They  are 
impostors.  If  the  spirit  is  there,  it  will  show  itself  in  spite  of  circum- 
stances. 

As  I  leiniirkoil  befiMv.  Ihe  invi'sligator  in  pure  science  is  usually  a 
professor.  lie  must  teach  as  well  as  investigate.  It  is  a  question  which 
has  been  di,';cu.*.^ed  in  hilc  yoar^!,  as  to  whether  these  two  functions  had 
better  be  combined  in  the  same  individual,  or  separated.  It  seems  to 
be  the  opinion  of  most,  that  a  c(!rtain  amouut  of  teaching  is  conducive, 
rather  than  otherwise,  to  the  spirit  of  research.  I  myself  think  that 
tliis  is  tnie,  and  I  should  myself  not  like  to  give  up  my  daily  lecture;  but 
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OBC  most  not  bo  overburdened.  I  siippose  that  the  true  solution,  in 
many  cases,  would  be  found  in  the  multiplication  of  assistants,  not  only 
for  the  work  of  teaching  but  of  research.  Some  men  are  gifted  with 
more  ideas  than  they  can  work  out  with  their  own  hands,  and  the  world 
ii  losing  much  by  not  sup)ilying  them  with  extra  hands.  Life  is  short: 
old  age  comes  quickly,  and  the  amount  one  pair  of  hands  can  do  is  very 
limited.  What  sort  of  shop  would  that  be,  or  what  sort  of  factory,  where 
man  had  to  do  all  the  work  with  his  own  hands?  It  is  a  fact  in 
nature,  which  no  democracy  can  change,  that  men  are  iwt  equal, — that 
tome  have  brains,  and  some  hands;  and  no  idle  talk  about  equality  can 
erer  subvert  the  order  of  the  universe. 

I  know  of  no  institution  in  this  country  where  assistants  are  supplied 
to  aid  directly  in  research;  yet  why  should  it  not  be  so?  Even  the 
ibeence  of  assistant  professors  and  assistants  ot  all  kinds,  to  aid  in 
toclung,  is  very  noticeable,  and  must  be  remedied  before  we  can  expect 
wh. 

There  are  many  physical  problems,  especially  those  requiring  exact 
measurements,  which  cannot  be  carried  out  by  one  man,  and  can  only 
be  9UceeBsful!y  attacked  by  the  most  elaborate  apparatus,  and  with  a 
'till  corps  of  assistants.  Such  are  Begnault's  e.vperiments  on  the  funda- 
Diental  laws  of  gases  and  vapors,  made  thirty  or  forty  years  ago  by  aid 
from  the  French  government,  and  which  are  the  standards  to  this  day. 
Although  these  experiments  were  made  with  a  view  to  the  practical 
*]cuiation  of  the  st-eam-engiue,  yet  they  were  carried  out  in  such  a 
road  spirit  that  they  have  been  of  the  greatest  theoretical  use.  Again, 
tat  would  astronomy  have  done  without  the  endowment  ot  observa- 
>ries?  By  their  means,  that  science  has  become  the  most  perfect  of 
H  branches  of  physics,  as  it  should  be  from  its  simplicity.  There  is  no 
'Vbt,  in  my  mind,  that  similar  institutions  for  other  branches  of 
njtsics,  or,  better,  to  include  the  whole  of  physics,  would  be  equally 
Iccesafnl.  A  large  and  perfectly  equipped  physical  laboratory  with  its 
'ge  revenues,  its  corps  of  professors  and  assistants,  and  its  machine- 
ip  for  the  construction  of  new  apparatus,  would  be  able  to  advance 
■cience  quite  as  much  as  endowed  observatories  have  advanced 
ly.  But  such  a  laboratorj'  should  not  be  founded  rashly.  The 
will  depend  entirely  on  the  physicist  at  its  head,  who  has  to 
the  plan,  and  to  start  it  into  practical  working.  Such  a  man  will 
be  rare,  and  cannot  always  be  obtained.  After  one  had  been 
f  etarted,  others  could  follow;  for  imitation  requires  little 


608  Henbt  a.  HoWLiND 

One  could  Dot  be  certain  of  getting  the  proper  man  every  tinn 
the  means  of  appointment  should  be  most  carefully  studied  so 
secure  a  good  average.     There  can  be  no  doubt  that  the  appointmB 
should  rest  with  a  scientific  body  capable  of  judging  the  highest 
of  each  candidate. 

Should  any  popular  element  enter,  the  person  chosen  vould  be  o(  il 
literary-scientific  order,  or  the  dabbler  on  the  outskirts  who  presenta 
small  discoveries  in  the  most  theatrical  miuiucr.     WTiat  is  reijuirwl 
a  man  of  depth,  who  has  such  an  insight  into  physical  science  that  i 
can  tell  when  blows  will  best  tell  for  its  advancement. 

Such  a  grand  laboratory  as  I  describe  does  not  exist  tu  the  world, 
present,  for  the  study  of  physics.  But  no  trouble  has  ever  been  fault 
in  obtaining  means  to  endow  astronomical  science.  Eveiybodv  ciq 
appreciate,  to  some  extent,  the  value  of  an  observatory;  as  aatronofflj 
is  the  simplest  of  scientific  subjects,  and  has  very  quickly  reachol » 
position  where  elaborate  instruments  and  costly  computations  arc  nec* 
sary  to  further  advance.  The  whole  domain  of  physics  is  so  widetbit 
workers  have  hitherto  found  enough  to  do.  But  it  cannot  aleaja  b* 
80,  and  the  time  has  even  now  arrived  when  such  a  grand  UboraWtJ 
should  i»e  founded.  Shall  our  country  take  the  lead  in  this  mattei,  it 
shall  we  wait  for  foreign  countries  to  go  before?  They  will  be  built 
the  future,  but  when  and  how  is  the  question. 

Several  institutionb  are  now  putting  up  laboratories  for  phjB*^ 
They  are  mostly  for  teaching,  and  we  can  expect  only  a  eompaiati^aj 
small  amount  of  work  from  most  of  them.  But  they  show  pri)gK«r 
and,  if  the  progress  be  as  quick  in  this  direction  as  in  others,  we  ahooli 
be  able  to  see  a  great  change  before  the  end  of  our  lives. 

As  stated  before,  men  are  influenced  by  the  sympathy  of  thoee 
whom  they  come  in  contact.     It  is  impossible  to  change  ])ublic  opini* 
in  our  favor  immediately;  and,  indeed,  we  must  always  seek  to  IwiiiH 
and  not  be  guided  by  it.     For  pure  science  is  the  pioneer  who  niu,=i  iwt 
hover  about  cities  and  civilized  countries,  but  must  strike  into  unfcn"' 
forests,  and  climb  the  hitherto  inaccessible  mountains  which  lea<i 
and  command  a  view  of  the  promised  land, — the  land  which  Kifi 
promises  us  in  the  future;  which  shall  not  only  flow  with  mill:  i 
honey,  but  shall  give  us  a  better  and  more  glorious  idea  of  this  wolii 
ful  universe.     We  must  create  a  public  opinion  in  our  favor,  but  it  ii 
not  at  first  be  the  general  public.     We  must  be  contented  to  stand  u 
and  see  the  honors  of  the  world  for  a  time  given  to  our  inferiors; 
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tnusi  be  better  contented  with  the  approval  of  our  own  consciences,  and 
ot  the  very  few  who  are  capable  of  judging  our  work,  than  of  the  whole 
world  beside.  Let  us  look  to  the  other  physicists,  not  in  our  own  town, 
not  in  our  own  country,  but  in  the  whole  world,  for  the  words  of  praise 
which  are  to  encourage  us,  or  the  words  of  blame  which  are  to  stimulate 
us  to  renewed  effort.  For  what  to  ue  is  the  praise  of  the  ignorant?  Let 
lis  join  together  in  the  bonds  of  our  scientific  societies,  and  encourage 
esch  other,  as  we  are  now  doing,  in  the  pursuit  of  our  favorite  study; 
knowing  that  the  world  will  some  time  recognize  our  services,  and 
knowing,  also,  that  we  constitute  the  most  important  element  in  human 
1  progress. 

I  But  danger  ia  also  near,  even  in  our  societiee.  When  the  average  tone 
I-  of  the  society  is  low,  when  the  highest  honors  are  given  to  the  mediocre, 
I  wben  third-class  men  are  held  up  as  examples,  and  when  trifling  inven- 
I  UoM  are  magnified  into  scientific  discoveries,  then  the  influence  of 
I  *iich  societies  is  prejudicial.  A  young  scieutist  attending  the  meetings 
I  ofnich  a  society  soon  gets  perverted  ideas.  To  his  mind,  a  molehill  is 
I  ADountain,  and  the  mountain  a  molehill.  The  small  inventor  or  the 
1  i«»l  celebrity  rises  to  a  greater  height,  in  his  mind,  than  the  great 
llcsder  of  science  in  some  foreign  land.  lie  gauges  himself  by  the 
|'>Bolehi!l,  and  is  satisfied  with  his  stature;  not  knowing  that  he  is  but 
Ksa  atom  in  comparison  with  the  mountain,  until,  perhaps,  in  old  age, 
Klflien  it  ia  too  late.  But,  if  the  size  of  the  mountain  had  been  seen  at 
Hist,  the  young  scii^ntist  would  at  least  have  been  stimulated  in  his 
Peadeevor  to  grow. 

m  We  cannot  all  be  men  of  genius;  but  we  can,  at  least,  point  them  out 
lio  those  around  us,  We  may  not  be  able  to  benefit  science  much  our- 
■ihw;  but  we  can  have  high  ideals  on  the  subject,  and  instil  them  into 
^Hse  with  whom  we  come  in  contact.  For  the  good  of  ourselves,  for 
^■Fgood  of  our  country,  for  the  good  to  the  world,  it  is  incumbent  on 
^Blff  form  a  true  estimate  of  the  worth  and  standing  of  persons  and 
^HggB,  and  to  set  before  nur  own  minds  all  that  is  great  and  good  and 
^Bne,  all  that  is  most  important  for  scientific  advance,  above  the  mean 
^^1  low  and  unimportant. 

ft  it  is  very  often  said,  that  a  man  has  a  right  to  his  opinion.  This 
ft  ^t  be  true  for  a  man  on  a  desert  island,  whose  error  would  influence 
I  y  himself;  but  when  he  opens  his  lips  to  instruct  others,  or  even 
I  ai  he  signifies  his  opinions  by  his  daily  life,  then  he  is  directly 
^Bhmrible  for  all  hia  errors  of  judgment  or  fact.     He  has  no  riRht  to 
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think  a  molehill  aa  hig  as  a  niouniain,  nor  to  teach  it,  any  mare  t 
he  has  to  tliink  the  world  is  flat,  and  teach  that  it  is  80.  The  facta  M 
laws  of  our  science  have  fwt  equal  iiDportance,  neither  have  the  I 
who  cultivate  the  science  achieved  equal  results.  One  thing  L 
than  another,  and  we  have  no  right  to  neglect  the  order.  Thus  shall 
our  minds  be  guided  aright,  and  our  efforts  be  toward  that  which  ie  ibe 
highest. 

Then  shall  we  see  that  no  phyaiciat  of  the  first  class  has  ever  ex»tvd 
in  this  country,  that  we  must  look  to  other  eountrips  for  our  Ivudcn 
in  that  subject,  and  that  the  few  excellent  workers  in  our  country  must 
receive  many  accessions  from  without  before  they  can  (Tunstilut«-  so 
American  science,  or  do  their  share  in  the  world's  work. 

But  let  rae  return  to  the  subject  of  Bcientifio  societies.  Here  Ameri- 
can science  has  its  hardest  problem  to  contend  with.  There  arc  tctt 
many  local  societies  dignified  by  high-sounding  names,  each  having  it* 
local  celebrity,  to  whom  the  privilege  of  describing  some  crah  with  an 
extra  claw,  which  he  found  in  his  morning  ramble,  is  inestiniahle.  Acd 
there  are  some  academies  of  science,  situated  at  our  scats  of  le-aming, 
which  are  doing  good  work  in  their  localities.  But  distanct^  arv  su 
great  that  it  is  difficult  to  collect  men  together  at  any  one  point.  The 
American  Association,  which  we  are  now  attending,  le  not  a  scientific 
academy,  and  doc.i  not  jirofess  to  be  more  than  a  gathering  of  all  who 
are  interested  in  science,  to  read  papers  and  enjoy  social  interooune. 
The  N^ational  Academy  of  Sciences  contains  eniioent  men  from  the 
whole  country,  but  then  it  is  only  for  the  [luqwse  of  advisin<r  the  pnv- 
enunent  freely  nn  seicntilic  matters.  It  has  no  building,  it  has  no 
lihrnrj-;  and  it  jiublislies  nothing  except  the  information  which  it  freelv 
gives  I"  tlic  govi-rnii]i'Til,  wliicli  does  nothing  for  it  in  return.  It  ha> 
not  had  much  cfTcct  diroctly  on  American  science;  but  the  liboralitv  of 
the  govern uu'iit  in  the  way  of  pcienlific  expeditions,  puhlications,  etc.. 
is  at  least  partly  due  to  its  inlUicnce,  and  in  this  way  it  has  done  much 
good.  Bnt  it  in  no  way  takes  the  place  of  the  great  Royal  society,  or 
the  great  iiciideniies  of  .science  at  Paris,  Berlin,  Vienna,  St.  Petersburg'. 
Munich,  and.  imleeil.  all  the  Eumpean  ciipitals  and  large  cities.  Then?, 
by  their  |)ubliciilion^,  give  to  the  young  student,  as  well  as  to  the  niorc 
advanced  phyi^ieist,  iiioili'ls  i>f  all  that  is  considered  e-xcellent:  and  ti' 
become  a  mcuilu'r  is  one  of  the  highest  honon?  to  which  be  can  aspire, 
while  to  write  a  memoir  wiiieb  the  academy  considers  worthy  to  be  pul>- 
lisbed  in  its  tntnsactions  excites  each  one  to  his  highest  effort. 
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The  American  Academy  of  Sciences  in  Boston  is  perhaps  our  nearest 
representHlion  of  this  class  ot  academies,  but  its  limitation  of  member- 
ship to  the  state  deprives  it  of  a  national  character. 

But  there  is  another  matter  which  influences  the  growth  of  our 
science. 

As  it  is  necessary  for  us  still  to  look  abroad  for  our  highest  inspira- 
tion in  pure  science,  and  as  science  is  not  an  affair  of  one  town  or  one 
country,  but  of  the  whole  world,  it  becomes  us  all  to  read  the  current 
journals  of  science  and  the  great  transactions  of  foreign  societies,  as  well 
as  those  of  our  own  countries.  These  grerft  transactions  and  jotirnals 
should  he  in  the  library  of  every  institution  of  learning  in  the  country. 
where  science  is  taught.  How  can  teachers  and  professors  be  expected 
to  know  what  has  been  discovered  in  the  past,  or  is  being  discovered 
now,  if  these  are  not  provided?  Has  any  institution  a  right  to  starve 
mentally  the  teachers  whom  it  employs,  or  the  students  who  come  to  it? 
There  can  be  but  one  answer  to  this;  and  an  institution  calling  itself  a 
university,  and  not  having  the  current  scientific  journals  upon  its  table 
or  the  transaclions  of  societies  ujwm  its  library  shelves,  is  certainly  not 
doing  its  best  to  cultivate  all  that  is  best  in  this  world. 

We  call  this  a  free  country,  and  yet  it  is  the  only  one  where  there  is  a 
direct  tax  upon  the  pursuit  of  science.  The  low  state  of  pure  science 
in  our  country  may  possibly  be  attributed  to  the  youth  of  the  country; 
but  a  direct  tax.  to  prevent  the  growth  of  our  cotmtry  in  that  subject, 
cannot  he  looked  upon  as  other  than  a  deep  disgrace.  I  refer  to  the 
duty  upon  foreign  books  and  periodicals.  In  our  science,  no  hooks  above 
elementary  ones  have  ever  been  published,  or  are  likely  to  bo  pub- 
lished in  this  country;  and  yet  every  teacher  in  physics  must  have  them. 
not  only  in  the  college  library,  but  on  his  own  shelves,  and  must  pay  the 
government  of  this  country  to  allow  him  to  use  a  portion  of  his  small 
salary  to  buy  that  which  is  to  do  good  to  the  whole  country.  All  free- 
dom of  intercourse  which  is  necessary  to  foster  our  growing  science  la 
thus  broken  off,  and  that  which  might,  in  time,  relieve  our  country  of 
its  mediocrity,  is  nipped  in  the  hnd  by  our  government,  which  is  most 
liberal  when  ftppenled  to  directly  on  scienlifle  subjects. 

One  would  think  that  books  in  foreign  languages  might  be  admitted 
free;  but  to  please  the  half-dozen  or  so  workmen  who  reprint  Herman 
books,  not  scientiiic,  our  free  intercourse  with  that  country  is  cut  off. 
Our  scientific  associations  and  societies  must  make  themselves  hoard  in 
this  matter,  and  show  those  in  authority  how  the  matter  stands. 


as 
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,  fet  me  «j  once  nwre  that  [  do  wH 

s  loag  IB  it»  pmcDt  poation.  like  tatan  of  iihpio. 
m  whoie  appbortions  our  coontrr  gioriee,  W  to  sris«  aaoii^  tu,  and  make 
■>  reiptcted  by  the  natiopg  of  the  world.  Soeh  ■  propbecT  nu;  seen 
aah  with  ngaid  Xo  a  nation  which  dnee  not  nt  do  eooagfa  phjrsical  wttfe 
to  fopport  a  physcal  joBmal.  But  we  know  the  6pe«d  with  vhidi  n 
advsMM  m  this  coontn:  w«  Me  dtiec  spnnging  up  in  a  night,  and  othn' 
vonien  perfunD««!  ai  an  tmprarcdcnled  rat?.  And  now  wr  «ec  ph,md' 
lafaacatonn  bein^  built,  we  see  a  great  demand  for  thoronghlr  tniid 
jttjnasa,  who  hare  not  shirked  their  mathematit^,  both  as  povfisMil 
and  io  HMsUetl  practical  lifr;  ami  perhape  wo  have  the  feeling,  conmoi 
lo  all  tme  Ainehcana.  that  oar  muntiy  ie  going  forward  to  t  glonoH 
fotnre.  when  we  shall  lead  the  world  in  the  strife  for  intellectual  piiia 
S8  we  now  do  in  the  strife  for  wealth. 

But  if  this  is  to  be  M,  we  musi  not  aim  low.  The  problenu  of  th« 
murerse  nnnot  be  Eolxed  without  labor;  tbej  caimot  be  attacked  villi- 
oot  the  ftroper  iniellectoal  us  well  a»  phrsical  tools;  and  mi  ]i)inici"l 
need  expect  to  go  far  without  his  mat  hematics.  \o  om;  expects  t  bn'* 
to  win  in  a  gre«l  and  long  rac«  who  has  not  been  properlj  trained;  ■o'' 
it  would  be  folly  to  attempt  to  win  with  one,  howerer  pure  hi*  bjiirf 
and  high  hit  pedigree,  without  it.  The  problems  we  solre  are  moifliffi' 
cult  than  anj  race;  the  highest  intellect  cannot  hope  to  succeed  wilhiint 
proper  preparation.  The  great  prizes  are  reserred  for  the  preitffl' 
efforts  uf  the  greatest  intellects,  who  have  kept  their  inentnl  eye  ''"S''' 
and  fiesh  bard  br  constant  ciereise.  Apparatus  can  lie  baui;til  *itn 
monev,  talents  may  come  to  us  at  birth;  but  our  mental  took.ou''''^'''*' 
matics,  our  esperi mental  ability,  our  knowledge  of  whnl  others  b" 
done  before  us,  all  have  to  be  obtained  by  work.  The  time  ia »!' 
pa^t,  even  in  our  own  country,  when  third-rate  men  can  find  ■  pUee 
teachers,  liecauee  they  are  unfit  for  everything  else.  We  wish 
brains  and  learning,  combined  with  ener^'  and  immense  wort 
power,  in  the  professor's  chair;  but,  above  all,  we  wish  to  sec  ihatW 
and  chivalrous  spirit  which  causes  one  to  pursue  hie  idea  in  spite  ot' 
difficulties,  to  work  at  the  problems  of  nature  with  the  approval  of 
own  conscience,  and  not  of  men  before  him.  I^t  him  fit  liinwelf 
the  struggle  with  all  the  weapons  which  mathematics  and  the  ct| 
ence  of  those  gone  before  him  mn  fiiniisti.  and  let  him  enter  the 
with  the  fixed  and  stem  purpose  to  conquer.  Let  him  not  be  contt 
to  stand  hack  with  the  crowd  of  mediocrity,  but  let  him  press  foi 
for  a  front  place  in  the  strife. 
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The  whole  universe  is  before  us  to  study.  The  greatest  labor  of  the 
greatest  minds  has  only  given  us  a  few  pearls;  and  yet  the  limitless 
ocean^  with  its  hidden  depths  filled  with  diamonds  and  precious  stones, 
is  before  us.  The  problem  of  the  universe  is  yet  unsolved,  and  the  mys- 
tery involved  in  one  single  atom  yet  eludes  us.  The  field  of  research 
only  opens  wider  and  wider  as  we  advance,  and  our  minds  are  lost  in 
wonder  and  astonishment  at  the  grandeur  and  beauty  unfolded  before 
H8.  Shall  we  help  in  this  grand  work,  or  not?  Shall  our  country  do 
its  share,  or  shall  it  still  live  in  the  almshouse  of  the  world? 


THE  PHYSICAL  LABORATOKY  IN  MODERN   EDUCATION 


[Join,  HopMnt  UninrrMg  Ctrvtilar;  Ho.  fiO,  pp.  lOS.lO.'t,  1886) 

From  the  moment  we  nr(!  born  into  this  world  down  to  the  day  v 
we  leave  it,  vie  are  called  u|Jon  every  moment  to  exercise  our  judKiBeni 
with  resjHJut  to  matters  pertaining  to  our  welfare,  While  naturv  hu* 
BUpplied  us  with  instinets  which  take  the  place  of  reason  in  our  infancy, 
and  which  fonu  the  basis  of  action  in  verj-  many  persons  through  life, 
yet,  more  and  more  as  the  world  progresses  and  as  wo  depart  from  the 
age  of  ehililhood,  we  are  forced  to  diBcriminatf  between  right  and  wrong, 
between  truth  and  falnehood.  No  longer  can  we  shelter  oursoWea  hchind 
those  in  Huthority  over  us,  ijul  wo  muHl  I'ome  lo  ihc  front  and  oach  ow 
decide  for  himself  what  to  believe  and  how  to  act  in  the  dailv  roiitiiii' 
and  the  emergencies  of  life.  This  is  not  given  to  ue  aa  a  duty  whiuh  «c 
can  neglect  if  we  please,  but  it  is  that  which  every  man  or  woman,  cou- 
Bciously  or  unconsciously,  must  go  through  with. 

Most  persons  cut  this  CJordian  knot,  which  they  cannot  untangle,  In 
accepting  the  opinions  which  have  been  taught  them  and  which  appear 
correct  to  their  particular  circle  of  friends  and  asuocistes:  others  inVf 
the  op|iiisitc  c\tivmc  iinil.  witii  intelh'ctuiil  iirniganco,  seek  to  build  up 
their  n|.iuii)iis  iiJid  liclicfs  frmn  tin-  vitv  foundation,  individually  ami 
alono,  without  lu'l|i  from  olhcrs.  IntiTuicdiato  between  these  two  ex- 
tremes (nnii's  the  Ltinn  with  full  nsjiect  for  the  ojiinions  of  those  arouni! 
him,  and  vet  with  !iiich  discriniinatinn  that  he  sees  a  chance  of  crn'r 
in  all  liiid  uin^t  r.f  all  in  liiui.-elf.  lie  has  a  longing  for  the  truth  and  if 
willing  to  Icsl  hiiuscir.  to  lest  others  and  lo  test  nature  until  he  finds  it. 
He  has  the  toiirajre  «(  hU  ojuuions  when  thus  carefully  formed,  and 
is  llien,  but  not  till  Ibcn.  willing  to  Pliiiul  before  tlie  world  and  proclaim 
what  he  considers  (be  (ruth.  Like  (Jalileo  and  Copernicus,  he  inauju- 
ratofi  a  now  era  in  wieucc,  or  like  Liilber,  in  the  religious  iK'lief  of  man- 
kind, lie  neither  siirinks  within  himself  at  the  thought  of  hnvinj!  an 
opinion  of  bis  own,  nor  yet  believes  it  to  be  the  only  one  worth  consi'!- 
eriiig  in  the  world;  he  is  neither  crushed  with  intellectual  humility,  nor 
yet  exiilted  with  intellectual  pride;  be  sees  that  the  problems  of  nature 
and  society  can  be  solved,  and  yet  he  knows  that  this  can  only  come 
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about  by  the  combined  intellect  of  the  world  acting  through  ages  of  time 
and  that  he,  though  his  intellect  were  that  of  Newton,  can,  at  best,  do 
very  little  toward  it.  Knowing  this  he  seeks  all  llu;  aids  in  his  power 
to  ascertain  the  truth,  and  if  he,  throiigh  either  ambition  or  love  of 
truth,  wishes  to  impress  his  opinions  on  the  world,  he  first  takes  care 
to  have  them  correct.  Above  all,  he  is  willing  to  abstain  from  having 
opinions  on  subjecta  of  which  he  knows  nothing. 

It  is  the  province  of  modem  education  to  form  such  a  mind  while  at 
the  same  time  giving  to  it  enough  knowledge  to  have  a  broad  outlook 
over  the  world  of  science,  art  and  letters.  Time  will  not  permit  me  to 
discuss  the  subject  of  education  in  general,  and,  indeed,  I  would  be 
transgressing  the  principles  above  laid  down  if  I  should  Hlleiript  it.  I 
shall  only  call  attention  at  this  present  time  to  the  place  of  the  labo- 
ratory in  modern  education.  I  have  often  had  a  great  desire  to  know 
the  state  of  mind  of  the  more  eminent  of  mankind  before  modern  science 
changed  the  world  to  its  present  condition  and  exercised  its  influence 
on  all  departments  of  knowledge  and  speculation.  But  T  have  failed 
to  picture  to  myself  clearly  such  a  niind  while,  at  the  same  time,  the 
study  of  human  nature,  as  it  exists  at  present,  shows  me  much  that  I 
suppose  to  be  in  common  with  if.  As  far  as  T  can  see,  the  unscientific 
mind  differs  from  the  seientific  in  this,  that  it  is  willing  to  accept  and 
make  .statements  of  which  it  has  no  clear  conception  to  begin  with  and 
of  whose  truth  it  is  not  assured.  It  is  an  irresponsible  state  of  mind 
without  clearness  of  -conception,  where  the  connection  between  the 
thought  and  its  object  is  of  the  vaguest  description.  It  is  the  state  of 
mind  where  opinions  are  given  and  accepted  without  ever  being  sub- 
jected to  rigid  tests,  and  it  may  have  some  connection  with  that  state  of 
mind  where  everything  has  a  personal  aspect  and  we  are  guided  by 
feelings  rather  than  reason. 

When,  by  education,  wc  attempt  to  correct  these  faults,  it  is  neces- 
sary that  we  have  some  standard  of  absolute  tnitb:  that  we  bring  the 
mind  in  direct  eontaet  with  it  and  let  it  he  convinced  of  its  errors  again 
and  again.  We  may  state,  like  the  philosophers  who  lived  before  Gali- 
leo, that  large  bodies  fall  (aster  than  small  ones,  but  when  wc  see  them 
strike  the  ground  together  we  know  that  our  previous  opinion  was  false 
and  we  leam  that  even  the  intellect  of  an  Aristotle  may  be  mistaken. 
Thus  we  are  taught  care  in  the  formation  of  our  opinions  and  find  that 
the  unguidcd  human  mind  goes  astray  almost  without  fail.  We  must 
correct  it  constantly  and  convince  it  of  error  over  and  over  again  until 
it  discovers  the  proper  method  of  reasoning,  which  will  surely  accortl 
with  the  truth  in  whatever  conclusions  it  may  reach.     There  is,  however. 


fll«  Henet  a.  Rowland 

danger  in  this  process  that  tho  mind  may  become  over  cautious  and  thai 
present  a  weaknosa  when  brought  in  contact  with  an  unscmpuloufi  per- 
son who  cares  little  for  tnith  and  a  great  deal  for  effect.  But  if  we 
believe  in  the  maxim  that  truth  will  prevail  and  consider  it  the  duty 
of  all  educated  nit-n  to  aid  its  progress,  the  kind  of  mind  which  I  describe 
is  the  proper  one  to  foster  by  education.  Let  tJie  student  be  brought 
face  to  face  with  nature:  let  him  exercise  his  reason  with  respect  to  the 
simplest  physical  phenomenon  and  then,  in  the  laboratory,  put  his  opin- 
ions to  the  test;  the  result  is  invariably  humility,  for  he  finds  that  nature 
has  lawM  which  inutil  he  disi-nvered  by  labor  and  toil  and  not  by  wild 
flights  of  the  imagination  and  scintillations  of  so-called  genius. 

Those  who  have  studied  the  present  state  of  education  iu  the  schools 
and  colleges  tell  us  that  most  subjects,  including  the  sciences,  arc  taught 
as  an  exercise  to  the  memory.  I  myself  have  witnessed  the  melancholy 
sight  in  a  fashionable  school  for  yonng  ladles  of  those  who  were  bom 
to  be  intellectual  beings  reciting  page  after  page  from  memory,  without 
any  effort  being  made  to  discover  whether  they  understood  the  subject 
or  not.  There  are  even  many  schools,  so-called,  where  the  subject  of 
physics  or  natural  philosophy  itself  is  taught,  without  even  a  class  ex- 
periment to  illustrate  the  subject  and  connect  the  words  with  ideas. 
Words,  mere  words,  are  taught  and  a  state  of  mind  far  different  from 
that  alxiYe  described  is  produced.  If  one  were  required  to  find  a  sys- 
tem of  education  which  would  the  most  surely  and  certainly  disgust  the 
student  with  any  subject,  I  can  conceive  of  none  which  would  do  this 
more  (tuiekly  than  this  method,  where  he  is  forced  to  learn  what  he 
docfi  nut  uTicliT;-t;iTnl.  It  is  siiid  of  the  l-'aniday  that  he  never  could 
understand  any  scientific  experiment  thoroughly  until  he  bad  not  only 
seen  it  performed  by  other.'',  iuit  had  performed  it  himself.  Shall  wo 
then  expect  children  and  youth  lo  do  what  Faraday  could  not  do?  .\ 
thousand  times  ht-tter  never  teach  Ihe  subject  at  all. 

Taste>  differ,  hut  we  may  safely  say  that  every  subject  of  study  which 
is  thoroughly  understood  is  n  pleasure  lo  the  student.  The  healthy 
uiiiid  as  well  as  the  lieiillhy  liody  craves  e.xereise,  and  the  school  room 
or  the  lecture  room  .-^liould  be  a  source  of  positive  enjoyment  to  those 
who  enter  it.  Above  all.  the  .'^tudy  oC  nature,  from  the  magnificent  uni- 
verse, across  wliieii  light  itself,  at  the  rale  of  ISfi.OOO  miles  per  second, 
caimot  1:0  ill  less  than  liundnds  of  years,  down  to  the  atom  of  which 
millions  arc  required  to  build  up  the  smallest  microscopic  object,  should 
be  the  most  interesting  subjeit  liniu^'lil  to  the  notice  of  the  student. 

Some  are  burn  bliTiit  to  the  beauties  of  the  world  around  them,  some 
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have  their  tastes  better  developed  in  other  directions,  and  some  have 
minds  incapable  of  ever  understanding  the  simplest  natural  phenomenon; 
but  there  is  also  a  large  class  of  students  who  have  at  least  ordinary  pow- 
ers and  ordinary  tastes  for  scientific  pursuits:  to  train  the  powers  of 
olwervation  and  classification  let  them  study  natural  history,  not  only 
from  books,  but  from  prepared  specimens  or  directly  from  nature:  to 
give  care  in  experiment  and  convince  them  that  nature  forgives  no 
error,  let  them  enter  the  chemical  laboratory:  to  train  them  in  exact  and 
logical  powers  of  reasoning,  let  them  study  mathematics:  but  to  com- 
bine all  this  training  in  one  and  exhibit  to  their  minds  the  most  perfect 
and  systematic  method  of  discovering  the  exact  laws  of  nature,  let  them 
study  physics  and  astronomy,  where  observation,  common  sense  and 
mathematics  go  hand  in  hand.  The  object  of  education  is  not  only  to 
produce  a  man  who  lenows,  but  one  who  does;  who  makes  his  mark  in 
thegtruggle  of  life  and  succeeds  well  in  whatever  he  undertakes:  who 
CMi  solve  the  problems  of  nature  and  of  humanity  as  they  arise,  and  who, 
when  he  knows  he  is  right,  can  boldly  convince  the  world  of  the  fact. 
Hen  of  action  are  needed  as  well  as  men  of  thought. 

There  is  no  doubt  in  my  mind  that  this  is  the  point  in  which  much 
of  our  modem  education  fails.     Why  is  it?    I  answer  that  the  memory 
•lone  is  trained  and  the  reason  and  judgment  are  used  merely  to  refer 
liiatters  to  some  authority  who  is  considered  final,  and  worse  than  all, 
ttey  are  not  trained  to  apply  their  knowledge  constantly.     To  produce 
^en  of  action  they  must  be  trained  in  action.     If  the  languages  be 
•tudied,  they  must  be  made  to  translate  from  one  language  to  the  other 
^til  they  have  perfect  facility  in   the  process.     If  mathematics  be 
•tudied,  they  must  work  problems,  more  problems  and  problems  again, 
^til  they  have  the  use  of  what  they  know.     If  they  study  the  sciences, 
they  must  enter  the  laboratory  and  stand  face  to  face  with  nature;  they 
^ust  learn  to  test  their  knowledge  constantly  and  thus  see  for  them- 
selves the  sad  results  of  vague  speculation;  they  must  learn  by  direct 
Experiment  that  there  is  such  a  thing  in  the  world  as  truth  and  that 
^eir  own  mind  is  most  liable  to  error.     They  must  try  experiment  after 
■  Experiment  and  work  problem  after  problem  until  they  become  men  of 
\    •etion  and  not  of  theory. 

1      This,  then,  is  the  use  of  the  laboratory  in  general  education,  to  train 

■;  fte  mind  in  right  modes  of  thought  by  constantly  bringing  it  in  con- 

P  ttet  with  absolute  truth  and  to  give  it  a  pleasant  and  profitable  method 

f  exercise  which  will  call  all  its  powers  of  reason  and  imagination  into 

by.     Its  use  in  the  special  training  of  scientists  needs  no  remark,  for  it 
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is  well  known  that  it  is  absolutely  essential.     The  only  qni'sliaa 
whether  the  education  of  Bpecialisls  in  science  is  worth  untlertfiking  4 
all,  and  of  these  I  have  only  to  consider  natural  philosophers  or  phji 
cists.     I  might  point  to  the  world  around  me,  to  the  steam  engine,  1 
labor-saving  machinery,  to  the  telegraph,  ti>  all  those  inventions  whiO 
make  the  present  age  Iho  "Age  of  Electricity,"  and  let  that  he  n 
answer.     Nobody  could  gainsay  that  the  answer  would  be  complete,  ft 
all  are  benefited  by  these  ii])plications  of  science,  and  he  would  lie  am 
sidered  absurd  who  did  not  recognize  their  value.     These  follow  in  tl^ 
train  of  physics,  but  they  are  not  physics;    the  cultivation  of  phrsi^ 
brings  them  and  always  will  bring  them,  for  Ihe  selfishness  of  majikiftj 
can  always  be  relied  upon  to  turn  all  things  to  profit.     But  in  thi 
cation  pertaining  to  a  university  we  look  for  other  results.     The  sptta 
physicist  trained  there  must  be  taught  to  cultivate  his  science  for 
own  sake.     He  must  go  forth  into  the  world  with  enthusiaem  for  it 
try  to  draw  others  into  an  apprecialion  of  it,  doing  his  part  lo  eoririnw 
the  world  that  the  study  of  nature  is  ouc  of  the  moet  noble  of  pimwH 
that  there  are  other  things  worthy  of  the  attention  of  mankind  besida 
the  pursuit  of  wealth.    He  must  push  forward  and  do  what  he  can,  M- 
cording  to  his  ability,  to  further  the  progress  of  his  science. 

Thus  does  the  university,  from  its  physical  laboratory,  send  forth  inl* 
the  world  the  trained  physicist  to  adviiJice  hi,*  science  and  U>  lanr 
other  colleges  and  technical  schools  his  enthusiasm  and  knowMg*- 
Thus  the  whole  country  is  educated  in  the  subject  and  others  are  tto^ 
to  devote  their  lives  to  its  pursuit,  while  some  make  the  applifslions  tt 
the  ordinary  pursuits  of  life  that  are  appreciated  by  all. 

But  for  myself,  I  value  in  a  scientific  mind  most  of  all  that  lot" 
truth,  that  care  in  its  pursuit  and  that  humility  of  mind  which  w^'* 
the  possibility  of  error  always  present  more  than  any  other  quality,  Tm 
is  the  mind  which  has  buiit  up  modem  science  to  its  present  perfw'i 
which  has  laid  one  stone  upon  the  other  with  such  care  that  il  to-dif 
offers  to  the  world  Ihe  most  complete  monument  to  human  reason.  Thi' 
is  the  mind  which  is  destined  to  govern  the  world  in  the  future  ani  to 
solve  problems  pertaining  to  politics  and  humanity  as  well  as  to  inim* 
mate  nature. 

It  is  the  only  mind  which  appreciates  the  imperfeetions  of  the  hun* 
reason  and  is  thus  careful  to  guard  against  them.  It  is  the  only  -  - 
that  values  the  truth  as  it  should  be  valued  'and  ignores  all  perwo 
feeling  in  its  pursuit.  And  this  is  the  mind  the  physical  labonton 
built  to  cultivate. 


ADDRESS    AS   PRESIDENT   OF   THE    ELECTRICAL   CONFER- 
ENCE AT  PHILADELPHIA,  SEPTEMBER  8,  1884 

[RtpoTt  of  the  Cimfmnet,  pp.  13-28.  Wislitnjton,  1SH6) 

To  Ihe  student  of  science  who  has  a  disposition  to  look  into  the  pagea  , 
of  histor)-,  no  life  has  greater  interest  than  that  of  Archimedes,  and  yet 
there  are  few  men  about  whom  so  litlle  is  known.  Living  more  than 
two  thousand  years  ago,  the  aeeounts  of  hiio  which  have  come  to  us  are 
little  Bhort  of  fabulous,  and  yet  they  are  of  such  a  nature  that  we  can 
Wj  without  any  doubt  that  he  was  a  genius  such  as  the  world  has  sel- 
o  seen.  To  him  we  owe  some  of  the  fundamental  facts  of  mechanics, 
•uch  as  the  principle  of  the  lever  and  the  pulley,  and  the  fact  that  a 
fcody  immersed  in  a  liquid  loses  in  weight  as  much  as  an  e<|ual  volume 
^rf  the  liquid  weighs.  And  in  niiSitary  engineering  his  success  was  so 
8K«t  that  he  prolonged  (he  siege  of  Syracuse  by  the  Romans  from  what 
"ould  probably  have  been  a  few  days  to  three  years.  His  engines  shot 
■pinflt  the  enemy  immense  numbers  of  darts  and  huge  atones,  which 
1  them  down  in  columns,  and  falling  on  their  ships  destroyed 
^enl.  He  thrust  out  huge  beams  from  the  walls  over  the  ships  and 
prew  them  into  the  air,  where  they  swung  to  and  fro  to  the  amazement 
md  terror  of  the  Romans  and  were  finally  dropped  and  sunk  to  the  bot- 
a  of  the  sea.  He  is  even  said  to  have  set  them  on  fire  by  means  of 
»  reflected  light  of  the  sun.  But  his  jirineipat  work  was  in  geometry, 
id  of  this  I  only  need  to  quote  the  words  of  Professor  Do  Morgan  re- 
Bning  to  those  geometrical  works  of  Archimedes  which  have  come 
re,"  says  Professor  De  Morgan,  "  he  finds  all  that  re- 
in lo  the  surface  and  solidity  of  the  sphere,  cone  and  cylinder  and 
eir  segments.  A  modem  work  on  the  differential  calculus  would  not 
*  'e  more  results  than  are  found  here."  As  to  the  quality  of  the  indi- 
lul,  the  impression  which  his  writings  give  us  is  that  of  a  power 
ch  has  never  been  surpassed.  No  one  has  a  right  to  say  that  Now- 
biniself,  in  the  place  of  Archimedes,  could  have  done  more. 
fhns  before  the  birth  of  modem  science,  in  the  dim  ages  of  the  past 
atlte  light  of  history  begins  to  fade  and  the  miat  of  legend  to  cover 
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our  view,  there  lived  a  man  of  almost  superhHrnan  intellect  whose 
Beemed  equally  adapted  to  either  pure  or  applied  science.  And  yet 
tarch  sayp  of  him:  "Archimedes  iingeesaed  so  high  a  epirit,  so  prof( 
a  soul,  and  such  treusiirc?  of  Bcientific  knowledge,  thai,  thoiifih  thi 
ventione  (referring  to  his  military  engines)  had  now  obtained  for  h 
the  renown  of  more  than  human  sagacity,  he  yet  would  not  doign 
leave  behind  him  any  commentary  or  writing  on  such  subjects,  but,  re- 
pudiating as  sordid  and  ignoble  the  whole  trade  of  engineering,  and 
every  sort  of  art  that  lends  itself  to  mere  uso  and  profit,  he  placed  hia 
whole  affection  and  ambition  in  those  purer  speculations  where  there 
'  can  be  no  reference  to  the  vulgar  needs  of  life;  studies,  the  superiority 
of  which  tn  all  others  is  unquestioned,  and  in  which  the  only  doubt  can 
be,  whether  the  beauty  and  grandeur  of  the  subjects  examined,  or  the 
precision  and  cogency  of  the  methods  and  means  of  proof,  most  di 
our  admiration." 

Here,  then,  at  the  dawn  of  science  the  question  of  the  relative  value 
of  pure  and  applied  science  hnd  been  brought  up.  To  the  people  of 
Syraeiwe.  who  had  tn  defend  themselves  against  an  overwhelming  enemy, 
the  military  engines  of  Archimedes  were  of  far  more  interest  than  the 
whole  of  geometry,  for  the  knowledge  of  the  ratio  of  (he  solid  contents 
of  a  sphere  and  its  circumscribed  cylinder  cannot  bring  a  dead  man  to 
life  or  restore  wealth  tn  a  plundered  eity.  And  yet,  from  a.  jxiint  of 
view  distant  more  than  two  thousand  years,  we  are  forced  to  admit  that 
Archimedes  was  right,  Archiniedes'  engines  of  destruction  have  passed 
away,  but  the  geometrical  and  mecbnnicnl  truths  which  he  discovered 
arc  to-day  almost  the  axiiuiis  nf  the  niHthematician  and  the  worker  in 
)  of  the  circumference  of  a  circle  to  its 

■  |)flrt  nf  the  influence  of  this  man.     The 

■  formed  a  ]>!irt  of  the  education  of  every 

to  the  present  time,  ond  have  given  pure  intel- 

bave  hel|wd  to  form  the  minds  of  all 

our  science,  and  they  have  done  thoir 

;  ivhich  is  gradually  transforming  the 

liicli  we  h.iki  the  intellect  of  Archime- 
our  reverence  when  we  approach  that  noble 
■orldly  consideration:*  and  prefer  the  truths 
1  pi)wer  given  him  by  his  other  inven- 
ts for  a  moment.     W'c  now  see  that  he 
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was  right,  but  we  cannot  tor  a  moment  EUppose  that  he  foresaw,  except 
dimly,  any  eo-called  practical  advantages  from  his  discoveries.  A  thoti- 
aand  times  no!  He  preferred  his  geometrical  lalrarB  becauee  of  a  subtle 
quality  of  his  mind,  an  inatinct  toward  that  which  was  highest  and 
noblest  and  a  faith  that  the  pursuit  of  what  is  noble  is  the  surest  road 
to  the  final  happiness  of  the  individual  and  of  the  world.  Our  highest 
moral  qualities  are  of  this  nature,  and  we  despise  as  the  lowest  of  the 
low  one  who  is  honest  because  "honesty  is  tlie  best  policy,"  but  esteem 
lum  whose  instincts  lead  him  to  honesty  whatever  the  consequences. 

So  we  reverence  the  noble  and  lofty  spirit  of  Archimedes,  and  yet  we 
do  not  at  the  present  day  quite  agree  with  his  estimate  of  the  relative 
"nlue  of  his  works.  His  military  inventions  were  far  from  worthy  of 
.tao^  despised,  even  though  the  only  reason  were  that  they  gave  the 
'*orid  three  mure  years  of  Archimedes'  life.  The  world  is  not  formed 
rt  disembodied  spirits,  hut  of  men,  in  whom  there  is  a  wonderful  com- 
^atioD  of  mind  and  matter,  and  a  sound  mind  in  a  sound  body  is  ibe 
lugbest  type  of  manhood.  But  we  also  know  that  the  niind  is  hampered 
ly  many  considerations  connected  with  the  body.  Archimedes  reeog- 
1  this,  and  his  noble  spirit  revolted  at  it.  But  to-day  we  see  that 
rogrese  can  come  from  this  method  of  treatment;  the  body  still  re- 
le,  however  much  we  may  despise  it,  and  the  buzzing  of  a  fly  can 
'^flirturb  the  most  profound  thought  of  the  philosopher. 

ffe  now  study  the  laws  of  nature  and  seek  thus  to  assist  our  bodies 
1h  obeying  the  thoughts  of  our  minds.  Our  railroads  carry  us  hither 
■*od  thither  on  the  rartb  with  somewhat  tlie  facility  of  spirits,  and  our 
tlioaghtB  pass  with  almost  the  speed  of  light  to  the  uttermost  portion 
*Pf  the  earth.  The  steam  engine  does  our  work,  and  labor-saving  ma- 
chinery takes  the  place  of  our  hands.  With  a  minimum  amount  of  labor 
VccQ  to-day  possess  luxuries  unknown  even  to  kings  in  ancient  times, 
nd  onr  minds  are  free  to  study  the  order  of  nature  or  engage  in  any 
«l]ectual  pursuit  we  may  desire.  Instead  of  being  the  slaves  of  na- 
ItPe  and  groveling  in  the  dust  before  her  to  find  the  food  which  we 
e  have  now  assumed  the  command,  and  find  her  a  willing  servant 
B  those  who  know  her  language. 

Bat  here  we  reach  the  keystone  of  the  problem.  To  command  her  wc 
ifit  know  her  language.  Knowledge,  then,  is  the  price  of  her  service, 
.]  she  obeys  not  the  ignorant  or  degraded,  but  grinds  them  into  dust 
i«atli  her  heel, 

Cnowledge,  then,  is  power,  and  it  is  more  than  power;  it  is  that 
1  the  intellect  most  craves  and  is  the  object  of  many  of  our  highei 
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aspiratioDfi.  What  truth  is,  is  tlio  goal  of  intellectual  mankind  in  all 
ages,  and  its  pursuit  leads  not  only  to  intellectual  but  aim  to  phyt-ical 
satiEfactioD. 

The  pursuit  of  the  one  leads  to  the  other,  and  wc  shall  see  ae  we  pro- 
cped  that  the  only  way  for  the  world  to  progress  in  practical  science  is 
by  the  cultivation  of  the  theoretical  science. 

Pure  science  must  exist  before  its  npplicalions.  and  the  truths  of  pure 
science  are  far  more  reaching  in  their  eflectfi  than  any  of  its  applira- 
tinnB;  and  yet  the  applicationB  of  science  often  have  a  much  mori'  im- 
mediate interest  for  the  world  at  large  than  many  discoveries  in  pure 
Bcienee,  which  will  finally  revolutionize  it,  both  physieally  and  mentally. 
They  both  have  their  importance  and  both  are  at  work  in  causing  that 
infellcetiia!  and  material  progress  in  which  the  world  is  now  pniiliinp 
forward  with  giant  steps,  But  there  is  this  difference — the  n&inee  of  the 
great  inventors  are  seen  in  every  paper  and  their  deeds  are  recounted 
to  the  rising  youth  of  the  country  as  examples  to  be  followed.  And 
yet  the  discoveries  of  the  principles  on  which  their  inventions  are  based 
may  have  died  in  comparative  obscurity,  with  poverty  knocking  at  the 
door.  We  are  in  no  danger  of  forgetting  those  who  have  been  nuccess- 
ful  in  those  applications  of  science  which  are  in  daily  use,  and  it  is  use- 
less to  repeat  the  story  of  the  telegraph  or  telephone,  but  it  will  be  of 
more  interest  for  me  to  recall  to  your  minds  a  few  of  the  landmarks  in 
our  science  and  then  to  consider  the  present  state  of  our  science,  with 
D  possible  glance  into  the  future. 

Thus  we  shall  obtain  a  clearer  view  of  how  our  science  baa  been  built 
up  and  of  the  means  which  are  nc^essarv  for  its  further  progress.  \Vi' 
s^hall  !i1mo  see  thi;  rclatiouh  lielwci-n  pure  and  applied  science,  and  tlie 
relative  ini|ioriiincc  of  the  two  in  the  progress  of  the  world. 

It  is  iiTipoi-sihle  for  one  here  to  discui^s  the  reasons  why  the  ancients 
followed  their  science  to  so  short  a  distance  and  the  world  had  to  wait 
more  than  two  thousand  years  before  the  light  of  modern  science  com- 
menced to  shine.  It  must  be  left  to  the  jisychologistp  and  historians. 
Hut  tills  I  may  ^ay.  niodeni  progress  is  cumuhilive.  By  the  study  i.f 
the  science  of  the  past,  the  minds  of  men  arc  trained  for  it.s  fiirthcr  ad- 
vance in  Ihc  future,  aud  =(i  when  there  was  no  science  to  study  there 
could  be  but  little  training  of  the  mind  in  the  true  methods  of  thought. 

The  average  intellect  of  mankind  lias  improved,  and  what  could  only 
have  been  comprehended  in  past  time.'^  by  a  few  is  lo-day  understood 
by  the  majority  of  educated  persons.  And  this  increase  has  been  most 
apparent  in  the  reason  and  moral  sense  of  mankind,  the  two  qualities  of 
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;he  mind  which  come  moet  into  play  in  the  study  of  aeienee.  To  the 
mind  of  the  ancients,  where  the  imafiinfltion  ran  riot  without  the  guide 
f  reason  or  a  warning  from  their  moral  sense  to  speak  the  truth,  it  wa« 
r  to  attribute  the  attraction  of  rubbed  amber  to  an  inherent  sou! 
r  essence,  which,  awakened  by  friction,  went  fortli  and  brought  back 
'he  Email  particles  floating  around,  than  to  examine  and  And  out  the 
truth. 

The  simple  experiment  of  the  amber  remained  without  investigation 
lor  2200  years.  Had  the  reasoning  of  many  modem  persons  been  fol- 
lowed, we  should  never  have  had  a  science  of  electricity.  Why  should 
•nybody  investigate  this  phenomenon,  this  feeble  force,  which  could 
only  attract  a  few  particles  nf  dust?  The  world  could  eat,  drink,  ajid 
take  its  ease  without  doing  anything  in  the  matter,  and  it  did  bo  for 
more  than  two  thousand  years  of  inlellectuai.  moral  and  physical  degi'a- 
dtlJoD.  Then  the  awakening  came,  and  men  began  to  feel  that  they 
e  reasoning  beings.  They  began  to  see  that  there  were  other  pleas- 
,  Dres  in  the  world  besides  animal  pleasures,  and  that  they  had  been  placed 
is  this  wonderful  universe  that  they  might  exalt  their  intelligence  by  its 
■Jroper  study.  No  question  of  gain  entered  into  the  minds  of  these 
•illy  investigators,  but  they  were  led  by  that  instinct  toward  truth  whieh 
Iwlicates  ihu  highest  ty|M;  of  man.  And  yet  their  researches  have  trnns- 
ftnoed  the  world,  not  only  intellectually,  hut  physically.  Some  would 
My  that  science  had  l>een  degraded  by  its  applications,  but  who  that 
looks  OTer  the  world  at  the  present  time  can  think  bo?  There  is  no 
Blnger  of  this  view  becoming  general;  the  danger  is  in  the  other 
lirecfion,  and  that  science  shall  be  degraded  in  the  estimate  nf  the 
orld  by  the  idea  that  its  principal  use  is  to  be  applied  to  the  common 
rposes  of  life.  A  thousand  limes  no!  Its  use  is  in  the  intellectual 
Mning  of  mankind  and  the  high  and  noble  pleasure  it  gives  to  those 
•^lio  are  bom  to  understand  it;  to  lift  mankind  above  the  level  nf  the 
]  to  make  him  appreciate  the  beauties  and  wonders  of  nature; 
k  csnae  him  to  stand  in  humiliation  and  awe  before  that  universe 
1  the  intellect  of  ages  has  attempted  to  understand  and  yet  has 
iSed;  to  make  even  Newton  say,  "  I  know  uot  what  the  world  may 
c  of  my  labors,  but  to  myself  it  seems  to  me  that  I  have  been  but 
a  child  playing  on  the  seashore;  now  finding  some  pebble  rather  more 
ahed,  and  now  some  shell  rather  more  agreeably  variegated  than 
ther,  while  the  immense  ocean  of  truth  extended  itaelf  unexplored 
5  me." 

t  moral  law  of  the  universe  here  enters.     If  the  i 
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would  only  pursue  those  things  which  are  high  and  right  and  noble 
reward  would  not  be  coniined  to  the  minds  of  men.  Physical  ivwari 
await  it  as  well,  and  disease,  that  principal  tanee  of  human  mi^ 
would  almost  pass  away  when  the  effect  of  inheritance  from  the  preeM 
generation  had  passed.  So  the  pursuit  of  pure  science  brings  not 
the  rewards  I  have  mentioned,  but  the  physicaJ  rewards  of  applq 
science  and  the  pursuit  of  applied  science  jfives  wealth  which  may 
agaiu  employed  to  further  pure  science.  So  the  two  react  on  euch  otl 
to  produce  that  perfect  whole,  modern  science,  pure  and  applied. 

This  moral  Jaw  of  the  imiverse  ie  well  illustrated  by  the  well-knoi 
story  of  Solomon: 

"  The  Lord  appeared  to  Solomon  in  a  dream  by  night;  and  God  ui{ 
Ask  what  I  shall  give  thee. 

"And  Solomon  said,  Thou  hast  made  thy  servant  king  instead  of  Dtiii 
my  father,  and  I  am  but  a  little  child;  I  know  not  how  to  go  ont  or  conn 
in.  Give  therefore  thy  servant  an  understanding  heart  to  judge  tbf 
people,  that  I  may  discern  between  good  and  had;  for  who  is  able  to 
judge  this  thy  so  great  a  people? 

"And  God  said  unto  him,  Because  thou  hast  asked  this  thing,  and  hut 
not  asked  fur  thyself  long  life,  neither  hast  asked  riches  for  thysclfi  tior 
hast  asked  the  life  of  thine  enemies,  but  hast  asked  for  thyself  ii»d''f- 
standing  to  discern  judgment,  behold,  I  have  done  according  » ihy 
words;  !o,  I  have  given  thee  a  wise  and  an  understanding  heart. » lli*^ 
there  was  none  like  thee  before  Ihee,  neither  after  thee  shall  snjMi« 
like  unto  thee.  And  I  have  also  given  thee  that  which  ihon  hsili'*' 
asked,  both  riches  and  honor;  so  that  there  shall  not  be  any  amungt* 
kings  like  unto  thee  all  thy  days." 

So  the  world,  when  it  chose  knowledge  and  truth  above  all  Ihinpr 
acquired  not  only  the  treasures  of  pure  theoretical  science,  bul  alwtM 
wealth  and  riches  and  honor  which  come  from  applied  science  iO(i*» 
the  world  has  never  seen  before  and  could  see  in  no  otber  way. 

It  is  to  William  Gilbert,  an  English  physician,  that  we  owe  the 
mencement  of  the  modern  science  of  electricity.     His  book  on  the 
net  was  published  in  IGOO,  and  contained  his  electrical  ex] 
Thus,  at  this  early  date,  the  similarity  of  electrical  to  magnetic 
tion  was  recognized.     But  how  slowly  did  the  subject  adTsace!  T 
difference  between  conductors  and  non-conductors  was  discoTepJ 
Gray.     But  not  until  IT-iiJ,  l.'iO  years  after  Gillwrt.  was  the  LejdeD 
invented.     Then  the  remarkable  nature  of  the  phenomenon  becura* 
parent,  and  (he  world  was  startled  by  it.     The  subtle  spirit  which  n 
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forth  from  the  amber,  which  was  so  feeble  as  only  to  attract  dust,  now 
flashed  forth  with  light  and  sound  and  heat,  and  could  cause  the  strength 
of  the  giant  to  vanish.  To  the  world  at  large  there  was  now  something 
worth  looking  into.  But  do  we  think  that  the  spark  from  the  Leyden 
jar  is  more  wonderful  than  the  gentle  attraction  of  the  amber?  By  no 
means,  for,  to  the  scientist,  they  are  both  equally  remarkable,  and  be- 
yond our  powers  of  explanation.  It  is  only  to  the  vulgar  and  unedu- 
cated taste  that  the  tinsel  and  gewgaws  of  an  electric  spark  appeal  more 
strongly  than  the  subtle  spirit  of  the  amber.  Nevertheless,  despicable 
as  the  means,  the  spark  of  the  Leyden  jar  acted  as  a  trumpet  call  to 
Europe  and  even  America  to  come  to  the  study  of  the  wonderful  science 
of  electricity.  At  no  other  time  has  there  been  such  excitement  over 
any  electrical  discovery,  and  electrical  experiments  became  general. 

It  was  only  after  the  discovery  of  the  Leyden  jar  that  the  idea  of  an 
dectric  current  occurred  to  mankind,  and  this  current  was  even  trans- 
mitted f  o  a  distance  by  a  wire  and  a  shock  given  to  a  person  across  the 
Thames,  the  water  forming  the  return  circuit.  And  the  English  ex- 
perimenters even  went  so  far  as  to  form  a  circuit  with  the  two  observ- 
ers two  miles  apart,  using  the  earth  as  the  return  circuit.  Thus  the 
fundamental  fact  which  forms  the  basis  of  the  telegraph  was  early  ob- 
•erved. 

But  isolated  facts  are  of  little  value  imless  connected  together  by 
aomething  which  we  call  a  theory,  and  in  this  line  we  owe  much  to 
franklin,  whose  letters  upon  this  subject  appeared  between  1747  and 
X754.  To  him  we  owe  the  theory  of  positive  and  negative  electricity, 
^nd  the  fact  that  they  are  always  generated  in  equal  amounts,  a  law 
'Whose  importance  can  scarcely  be  estimated.  He  investigated  the  Ley- 
den jar,  and  showed  that  the  coatings  had  equal  positive  and  negative 
cliarges,  and  explained  the  fact  that  the  jar  cannot  be  charged  when 
the  outside  coating  is  insulated.  He  invented  the  charge  and  discharge 
by  cascade  and  showed  that  it  was  the  glass  of  the  jar  and  not  the 
Coatings  which  contained  the  charge.  He  discovered  the  property  of 
joints  in  discharging  an  electrified  body,  and  the  identity  of  lightning 
^ith  electricity.  He  also  made  the  first  experiments  upon  atmospheric 
^^ctricity. 

I  To  Canton  is  due  the  honor  of  giving  the  first  experiments  on  induc- 
liion,  but  Franklin  is  the  first  who  gave  the  general  law  of  this  species 
M  action.     Truly  our  country  and  this  city  should  honor  the  memory 
Mfhis  man. 
'    But  it  is  not  my  purpose  to  repeat  to  you  in  detail  the  familiar  historj' 
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of  our  science.     Thns  far  no  important  applications  of  electricity 
been  discovered;  there  was  nothing  bnt  pure  Bcience  to  attract  iov( 
tigatore,  and  tluie  the  seiencf  remained  for  many  years  after. 

But  no  science  is  complete  luitess  it  is  quantitative  as  well  as  quali- 
tative. It  is  now  very  nearly  one  hundred  years  since  Coulomb  laid 
the  foundation  of  electrostatics  and  Ae])inus  and  Cavendish  commenced 
to  lay  the  foundation  of  mathematical  electricity,  and  they  were  foU 
lowed  by  Laplace,  Biot,  PoisBon,  and  Murphy.  ^H 

Tlie  discoveries  by  Galvani  and  Vnlta  in   1790  and  1800,  and  bji^l 
Oersted  in  1820,  gave  us  the  galvanic  battery  and  eleetro-magneliBiL,     " 
and  it  was  not  until  the  latter  date  that  any  useful  practical  Hpplicntioii 
was  possible.     Then,  so  complete  was  the  science  that  no  factor  of  other 
than  minor  importance  was  necessary  to  transmit  intelligence  from  one 
extremity  of  the  earth  to  the  other. 

By  the  labors  of  the  immortal  Faraday,  electro-magnetic  induction 
was  discovered  and  the  modem  dynamo-electric  machine  became  a  cer- 
tainty. 

To  his  other  labors,  both  experimental  and  theoretical,  the  modem 
science  of  electricity  owes  much,  but  it  is  familiar  to  all-  The  name  of 
Faraday  needs  no  eulogy  from  me,  for  it  stands  where  it  can  never  be 
hidden,  and  the  spark  which  Faraday  first  kindled  now  dazzles  us  at 
every  street  corner.  No  wealth  came  to  him,  though  he  had  only  to 
hold  out  his  hand  for  it.  But  the  holding  out  of  one's  hand  takes  time, 
which  Faraday  could  not  spare  from  his  labors,  and  so  the  wealtli  which 
was  rightly  his  went  to  others.  Who  will  follow  in  his  footstep?  and 
live  such  a  life  that  tlio  thought  of  it  almost  fills  one  with  reverence? 
It  is  mil  only  hi;!  iiilt'lloct  wliieh  we  admire;  it  is  his  moral  qualities 
which  fill  MS  with  luvo — his  noble  and  unselfish  spirit. 

The  name  of  Faraday  brings  us  down  to  modem  times,  whose  history 
it  is  uiiTiocessary  to  repeat  in  detail,  especially  as  there  are  some  now 
present  who  have  contributed  largely  in  bring  the  science  to  its  present 
perfection. 

One  of  the  principal  features  which  we  remark  in  our  modern  science 
of  electricity  is  the  perfection  of  our  means  of  measuring  both  electrical 
and  magnetic  quantities.  Tu  this  conni-ction  the  great  names  of  Gauss 
and  Weber  apjiear,  the  fathers  of  the  modern  absolute  system  of  elec- 
trical and  magnetic  measurcmcTit.  and  that  of  Sir  William  Thomson, 
in  no  less  degree  distinguished,  tin  the  laws  of  electric  attraction  we 
base  our  electrostatic  system  of  measurement,  and  on  the  magnetic  ac- 
tiuii  of  tile  ciirri'nt,  tlie  great  disciivcry  of  Oersted,  we  base  our  electro- 


ELECTRirAL   CONFEHEICCB   AT  PHILADELPHIA  627 

magnetic  sjatein,  and  we  connect  these  two  systems  by  that  great  physi- 
cal constant,  the  ratio  of  electro-magnetic  to  the  electrostatic  system  of 
noits. 

What  can  be  simpler  in  theory  than  the  electrostatic  eystem,  based, 
Bs  it  is,  on  the  law  that  electric  attraction  varies  inversely  as  the  square 
of  the  distance?  We  only  have  to  know  how  the  electricity  is  dis- 
tributed and  Its  attraction  is  known.  Hence  we  must  select  the  simplest 
possible  case,  such  as  two  parallel  disks,  and  to  render  the  problem  cbI- 
eulable.  we  add  a  guard  ring  to  the  movable  disk.  We  then  have  the 
Bbeolute  electrometer  of  Tliomson.  This  gives  us  &  measure  of  the 
slectrie  potential.  Knowing  the  capacity  and  difference  of  potential 
Sf  the  surface  of  a  condenser,  we  know  its  chaj-ge.  But  all  these  quan- 
ititiee,  the  calculation  of  the  electrometer  and  the  capacity  of  the  con- 
:denser,  depend  upon  the  mathematical  theory  of  electric  distribution. 
Are  we  able  to  calculate  the  capacity  of  condensers  of  all  forms?  I  am 
lorry  to  say  we  are  not.  The  modem  method  of  treatment  is  due  to 
'George  Green,  an  English  investigator,  whose  name  should  be  held  in 
bmor  by  all  electricians.  But  this  raetliod  is  what  is  called  an  inverse 
It  is  not  a  method  by  which  we  can  calculate  the  distribution 
ou  any  body  at  random,  but  the  sbajie  of  the  body  and  the  electrical 
■distribution  on  it  are  both  found  at  once  by  a  species,  as  it  were,  of 
fiploration  and  discovery.  So  that  we  cannot  make  our  electrometers 
£Dd  Cflsdensers  of  any  shape  and  then  calculate  them,  but  we  are  forced 
»  make  them  of  some  simple  geometrical  form  whose  solution  is 
blown.  We  fit  our  apparatus  to  the  mathematics  rather  than  the  mathe- 
natii^  to  the  apparatus. 
But  when  we  have  satisfied  all  the  conditions  we  measure  out  our 
atie  charges  as  easily  as  a  quantity  of  matter.  The  manufacturer  sells 
tie  oxygen  and  hydrogen  in  iron  cylinders  and  determines  the  amount 
y  the  product  of  the  capacity  of  the  cylinders  by  the  pressure.  Were 
■ere  any  buyers  of  electricity  we  might  sell  them  a  Ijeyden  jar  full  and 
mine  the  amount  by  the  product  of  the  capacitv  of  the  jar  by  the 
Icctric  potential.  According  to  this  analog}',  then,  the  electricity  is 
railar  to  matter  and  the  potential  fluid  pressure,  while  the  word  ca- 
■city  has  a  similar  meaning  in  both. 
In  the  electro-magnetic  method  of  electrical  measurement  we  make 
e  of  the  magnetic  action  of  the  current,  either  on  a  neighboring  mng- 
!t  or  another  current  or  portion  of  the  same  current.  The  laws  of  the 
Hod  of  a  current  on  a  magnet  were  discovered  by  Biof  and  Savart, 
d  of  two  currents  on  each  other  by  Ampere,  and  the  results  applied  to 
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practical  measurement  to-day  give  us  galvanometere  oP 
the  electro-dynamometer  of  Weber.  By  the  galvanometer  we  can  meas- 
ure the  quantity  of  electricity  passing  at  any  moment,  hut  by  the  elec- 
tro-dynamometer we  measure  the  integral  w}uure  of  the  current,  a 
quantity  on  vhich  the  beating  of  the  circuit  and  the  energy  expended 
depend. 

Thus  the  elcctro-dynamoraeter  nieaBures  the  energy  from  an  altcmal- 
ing  current  dynamo-electric  machine  as  easily  as  from  one  giving  a  con- 
tinuou§  current,  hut  to  know  this  energy  we  must  know  eomethinp  elav 
besides  the  iniegral  wjuare  of  the  current,  and  this  is  dthcr  the  ri.'sitil- 
ance  of  the  circuit  or  the  electromotive  force.  But  the  meaBUrement  of 
eleetroraotiTe  force  depends  on  a  resistance.  The  question  then  corner 
up  113  to  what  unit  of  resistance  is  the  proper  one.  Hero  we  have  to 
refer  to  the  mathematical  theory  of  the  subject,  and  the  great  law  of  the 
conservation  of  energy  tells  us  that  what  is  known  as  the  uheolule  unit 
of  electriea]  resistance  is  the  proper  one  for  use  in  this  ease.  Henct: 
the  great  practical  use  of  determining  this  unit.  The  experimeuta  of 
Ktrchhoff,  Weber,  Kohlrausch,  and  the  British  AsHociatiou  found  a 
value  from  1  to  3  per  cent  too  large. 

Many  years  ago  I  myself  experimented  on  the  subject,  and  obtained 
a  result  about  4  per  cent  too  liigh.  Recently  Lord  Bayleigh  has  takeu 
up  the  matter  and  made  a  aeries  of  experiments  of  unparalleled  accu- 
racy in  this  line.  The  International  Commission,  determined  on  by  the 
Electrical  Congreea  in  PbHb  in  1881,  met  in  April  of  this  year  at  Paris, 
and  hap  nnw  given  us  a  legnl  ohm  defined  a?  being  the  resistance  of  a 
colunin  "f  iriiTcury  10(1  (emiiiii'lres  long  and  1  miHimetre  in  section  at 
0°  C.  The  length  best  satisfying  Ibe  experiments  is  about  106-3.^,  hut 
it  w;is  C"n7;iilered  bffil  to  use  Ibc  round  number.  The  experiments 
whic-li  I  bine  hecn  luiiking  under  an  appropriation  from  the  Governmeni 
are  now  barely  completed,  hut  tbcy  will  probahiy  agree  very  well  with 
the  latter  figure.  Hence,  we  can  say  that  wc  now  know  this  unit  of 
resistance  to  one  ]iart  in  <uie  thousand,  at  least.  And  so  we  are  in  a  posi- 
li(in  l<)  measure  the  energy  of  a  current  to  the  same  degree  of  accuracy, 
ns  far  as  tliis  quantity  is  concerned. 

But  to  mca.'^iire  a  cnirrril  by  tbc  tangent  galvanometer  one  rcqiures 
to  know  fbe  intensity  of  the  earth's  magnetism,  a  quantity  difficult  to 
determine  and  constiiutly  varying  with  time  and  place.  The  electro- 
dynauiometer,  when  made  with  care,  is  excellent,  but  a  good  one  is  im- 
mensely expenf^ive.  Our  uielbods,  then,  of  current  measurement  are 
had,  unlo-s  carried  out  in  a  completely  equipped  physical  laboratory. 
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With  a  practical  atandard  of  electromotive  force,  such  as  a  Clark's 
'fltandard  cell  or  a  thermo-electric  battery,  this  difficully  partially  van- 
iehcB.  Better,  perhaps,  we  might  make  simple  electro-dynamometers 
with  constants  determined  by  comparisonB  with  a  more  costly  instru- 
ment. 

Bnt  where  shall  these  standards  be  kept?  Evidently  the  Govern- 
ment, which  decides  on  our  standards  of  weights  and  measures,  should 
take  in  charge  the  electrical  standards,  and  possibly  also  the  thermo- 
metric  standards.  The  formation  of  such  a  Bureau  of  Physical  Stand- 
ards will  be  brought  to  the  attention  of  this  Conference. 

Having  given  certain  standards  then,  the  measurement  of  currents 
and  current  energy  becomes  easy.  The  amount  of  heat  generated  in  a 
wire  of  known  resistance  by  a  known  current  is  also  easily  found  from 
the  absolute  system  of  electrical  measurement. 

Besides  the  two  so-called  absolute  systems  of  measurement  of  elec- 
tricity and  electric  currents,  we  have  also  one  based  on  the  chemical 
iction  of  the  current  whose  laws  were  discovered  by  Faraday.  Know- 
ing the  electro-chemical  equivalent  of  some  Bul>stfmce,  we  are  able  to 
measure  the  time  integral  of  the  current  or  the  total  quantity  of  the 
earrent  which  has  passed. 

The  absolute  measurement  of  magnetism  is  equally  simple  with  that 
of  electricity,  and  it  is  a  common  observation  to  find  the  earth's  magnetic 
force.  But  Faraday  has  put  in  our  hands  a  very  simple  method  of  meas- 
uring a  magnetic  field,  and  tn-day  all  are  familiar  with  his  beautiful 
IswB  with  respect  to  magnetic  lines  of  force.  We  know  the  laws  of 
*iecbo-magnetisro,  and  just  how  many  lines  of  force  (better  induction) 
pass  through  a  piece  of  iron  of  given  cross-section,  and  what  is  their 
*6lative  resiatanee  when  passing  through  air  or  iron.  In  fact,  we  have 
•B  that  is  necessary  for  a  complete  theory  of  the  dynamo-electric  ma- 
chine, and  consequently  we  find  that  the  latter  agrees  perfectly  with 
M»ry,  and  nn  fact  has  been  observed  with  reference  to  it  which  could 
|*Kithave  been  foreseen  from  theory  by  a  person  of  proper  intelligence. 
This  part  of  electrical  science,  the  measurement  of  electrical  and  mag- 
WJc  quantities,  is  thus  in  a  very  forward  state,  based,  as  it  is,  on  the 
Sithematical  theory  of  the  subject.  But,  in  reality,  this  forms  but  a 
''erj'  small  portion  of  our  science.  Shall  we  be  contented  with  a  simple 
beBsurement  of  that  of  which  we  know  nothing?  I  think  nobody  would 
IK  to  stop  at  this  point,  although  he  might  be  forced  to  do  so.  The 
Had  of  man  is  of  a  nobler  cast,  and  seeks  knowledge  for  itself  a 
'e  are  not  so  base  as  to  be  honest  because  "  Honesty  is  the  best  polleg 
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neither  are  we  bd  ignoble  as  tu  seek  knowledge  because  "  Knowl^ge^ 
power" — two  Bayings  which  are  certainly  tnip,  bnt  low  and  sordid 
their  tone. 

We  have,  then,  the  beautiful  fabric  of  mathematical  electricity  given 
to  the  world  by  Poisson,  Cireen,  Helmholtz,  Thomson,  Maxwell,  and 
others  whose  names  are  immortal.  No  hypotheais  as  to  the  nature  of 
electricity  rests  ut  its  basi'.  Starting  from  the  most  Binipic  laws  of 
electricity  and  magnetism,  it  rises  from  a  stable  foundation  and  Tt-HTs 
its  form  high  in  the  air,  never  to  be  overturned,  whatever  the  fate  of 
the  80-called  electric  fluid  or  the  ultimate  theory  of  magnetism.  On  the 
simple  fact  that  there  is  no  electric  force  inaide  a  cloeed  conductor,  it  is 
proved  that  the  electric  attraction  and  repulsion  varies  inversely  as  the 
square  of  the  (li&tancc-.  The  fact  is  suffideot  to  give  ua  the  whole  theocy,. 
of  electrostatic  distribution  on  conductors. 

From  the  simple  fact  that  we  con  break  a  magnet  up  into  parts  which 
are  gimilar  to  each  other,  and  that  these  parte  attract  and  repel  each 
other  in  a  certain  manner,  we  derive  many  important  facts  with  regard 
to  magnetiam. 

From  the  magnetic  action  of  the  current  we  find,  by  an  application  of 
the  great  law  of  conservation  of  energy,  all  the  laws  of  induced  cur- 
rents, either  from  magnets  or  other  currents.  ISy  an  almost  superhu- 
man effort  of  the  intellect  we  detach  our  electric  currente  from  matter, 
and  suppose  them  to  take  place  in  the  ether  of  space,  and  we  have  ths'l 
grand  electro-magnetic  theory  of  light  given  to  us  by  Maxwell, 

Hut  lliu  subj.'ut  in  too  Viisl  (o  be  iri'alcd  in  a  moment.  Suffice  it  to 
siiy  that  no  ]iersim  at  the  prusi'iit  iliiy  has  ihe  right  to  express  an  opin- 
ion on  any  theoretical  i|iK'sliiiri  cdiiiiccIciI  with  electricity  without  a 
knowledge  i)f  its  niatlKJuatii,'?. 

This  sluily  bus  led  us  In  allw  mif  ideas  im  many  questions.  What 
is  tlie  niochanisui  of  clcctiic  or  itiagiu'tic  allraclion?  Faraday  has 
given  us  his  idea  of  liiirs  of  force,  and  has  nuule  them  |ilay  an  important 
pari  iii  the  tlu'iiry  nl'  tiia;.'Uetio  induction.  Wlicn  treated  mathemati- 
cally, JIaxwcll  lias  shnwii  that  all  eleelri,-  and  magnetic  attractions  can 
be  explained  by  a  t.'iision  along  the  liu.--  of  Ior'o  and  pressure  at  right 
angles  to  Ihem— an  id.^n  due  lo  Faraday. 

The  malheniatieal  theory  of  these  lines  shows  that  all  electro.static 
forces  between  cither  conduelors  or  non-conductors  can  be  explained  In 
this  manner.  As  tlie  laws  of  magnetic  attraction  are  the  same  in  evt-ry 
way  as  electrostatic  attraction,  if  wc  should  do  away  with  electric  con- 
duction, it  follows  lliat  magnetic  attnietion  Is  to  be  explained  in  exactly 
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the  same  manner.  In  obtaining  this  result  Maxwell  calculated  the 
forces  acting  on  the  medium  at  every  point,  and  compares  these  with 
imaginary  Btresees  in  a  medium  at  the  given  point.  Hence,  the  energy 
stored  up  can  be  represented  either  as  due  to  the  mutual  attraction  of 
the  electricity  at  a  distance,  or  to  the  stresses  in  the  medium  at  every 
point,  and  thus,  as  Thomson  has  shown,  by  a  volume  integral  of  the 
square  of  the  force  at  every  point.  Hence,  we  are  at  liberty  to  deny 
the  existence  of  all  action  at  a  distance,  and  attribute  it  to  the  inter- 
vening medium,  which,  to  be  logical,  we  must  assume  to  be  continuous 
And  not  molecular  in  constitution. 

Thomson  has  pointed  out  that  magnetism  must  be  of  the  nature  of  ro- 
tation, such  as  possibly  vortex  motion  in  a  fluid,  and  Maxwell  has  done 
something  toward  making  a  mechanical  model  of  such  a  medium.  Thom- 
iderful  address  at  Montreal  has  also  given  us  much  to  think  of 
in  the  same  direction. 

But  here  we  have  reached  tlie  limit  of  our  science,  and  even  that  serv- 
uit  of  our  reason,  imagination,  fails  us.  We  are  yet  unable  to  picture 
to  ourselves  what  takes  place  in  a  medium  subject  to  electrostatic  ac- 
tion. We  are  face  to  face  with  the  great  problem  of  nature,  and  the 
queetions.  What  is  matter?  What  is  electricity?  evoke  no  answer  from 
the  wisest  among  us.  Our  mathematics  has  guided  us  safely  up  to  a 
Bwtain  point  and  will  guide  us  still  further;  science  will  advance  and 
re  Bhall  know  more.  But,  for  the  present,  this  is  the  limit  which  we 
lave  yet  attained  in  this  direction.  However,  the  idea  of  a.  medium  is 
Mill  scrvicL-abJe  in  other  portions  of  our  science. 

We  have  seen  that  the  medium  explains  the  electrical  and  magnetic 
■ttraction  of  bodies  at  rest.  The  question  then  comes  up  as  to  what 
ttppens  in  the  medium  when  these  bodies  move.  Are  the  imaginary 
in  the  medium  transmitted  from  place  to  place  instantaneously 
do  they  require  time?  Mathematics  in  the  bands  of  the  immortttl 
'ell  has  answered  this  question,  and  we  now  know  that  any  mag- 
or  electric  distrubance  is  propagated  through  space  with  a  velocity 
to  the  ratio  of  the  electro-magnetic  to  the  electrostatic  unit  of 
tiectricity.  This  great  physical  constant  has  now  been  found  by  experi- 
*nit  to  be  equal  to  the  velocity  of  light,  and  thus  has  arisen  that  great 
lOdem  theory.  Maxwell's  electro-magnetic  theory  of  light.  Indeed,  at 
■e  present  day,  bo  perfet'tly  does  Ibis  theory  agree  with  experiment  that 
'  (an  almost  regard  it  as  a  certainty.  The  velocity  of  light  and  the 
lio  of  the  units  agree  far  within  the  limits  of  experimental  error.  The 
;t  that  bodies  having  a  true  (not  electrolytic)  electric  conduction  are 


638  Henry  A.  iiowLAND 

always  more  or  less  opatjue,  the  refrnction  and  dispemon  of  UgSt 
ble  refraction,  and  diffraction,  all  are  explained  on  this  theory  with  an 
ease  and  simplicity  wanting  in  all  other  theories;  and,  lastly,  an  elet- 
tro-magnetic  phenomenon  has  been  discovered,  which,  when  applied  to 
this  theory  of  light,  explains  the  rotation  of  the  plane  of  polarixatiou 
prodoced  by  a  magnet.  ThiTe  is  no  fact  in  nature  seriously  in  disagree- 
ment with  this  theory,  and  it  serves  to  connect  two  of  onr  most  impor- 
tant branches  of  physics,  light  and  electricity. 

But  some  physicists  say  that  it  is  not  a  true  theory,  because  it  is  not 
mechanical,  the  object  of  these  physicists  being  to  reduce  every  phe- 
nomenon of  nature  to  matter  and  motion.  Whether  this  is  necessary  or 
not  I  leave  to  the  [ihilosophors.  But  it  is  to  be  noted  that  the  old  me- 
chanical theory  that  light  is  a  vibration  in  a  medium  having  the  priip- 
Brtics  of  an  elastic  solid  is  not  entirely  at  variance  with  the  new  theory. 
The  medium  we  call  ether.  The  electro-magnetic  theory  says  that 
the  waves  of  light  are  waves  of  electric  displacoment,  while  thp  old 
theory  says  they  are  waves  of  ether.  Make  electricity  and  the  ether 
equal  to  each  other  and  the  two  theories  become  one.  We  have  arrivod 
at  that  hazy  and  unsatiBfactory  theory  of  Kdlund  that  ether  and  elec- 
tricity are  one,  except  that  by  thie  theory  electricity  is  presented  to  us 
as  an  elastic  solid! 

But  the  ground  trembles  beneath  ns,  and  we  shall  soon  be  plunged  in 
tlie  mire  of  vague  speculation  if  we  do  not  draw  back. 

Among  the  other  questions  which  depend  for  their  solution  on  the 
presence  of  a  medium  may  be  mentioned  the  mutiinl  action  of  two  elec- 
trified bodies  moving  in  s]mcc.  It  has  I'een  found  that  electricity  car- 
ried tliroiigh  sjiiice  on  a  churged  body  hns  exactly  the  some  magnetic 
effect  on  a  stationary  magnclie  noodle  iis  if  it  had  been  conducted. 

But  when  oledrified  bodies  move  iiniforndy  forward  in  space,  wo  can 
ronoeivo  of  no  iiiiitiiiil  elTeot  fnim  such  motion  unless  it  is  relative  to  a 
medimii.  for  we  (iimidt  oven  conei'ive  of  absolute  motion. 

As,=iiiniiig  the  modiiiiii  li>  cxisi,  ho  tlieii  know  that  a  positively  a,nd  a 
negatively  chnrged  body  flying  through  space  with  the  velocity  of  light 
would  have  tJieir  oleclrii'  attraotii'n  Just  balanced  by  their  magnetic  re- 
pulsion, and  sc}  would  rxort  iic)  I'liret;  mi  each  other. 

But  it  i:'  ii  most  uoiiderfid  fact  that  we  liavc  never  been  able  to  dis- 
cover anything  im  the  earth  by  which  onr  motion  through  a  medium 
can  bo  direelly  |iroved.  Carried,  as  wo  suppose,  by  the  earth  with  im- 
moTise  velocity  thri>iv2li  n^gioiis  (^f  .'^paco  filled  with  ether,  wo  have  never 
yet  been  a'.l^  lo  yrovp  ^,uy  dinrt  iiifliioiir.-  from  this  ethereal  wind. 


ElECTHICAL   CONFEBENCE  AT  PHILADELPHIA  633 

The  assiimpiion  of  a  medium  allows  us  to  solve  in  some  eases  that 
proMem  so  long  under  discussion  by  electriciane^namely,  the  true  ve- 
locity of  an  electric  current.  We  now  know  that  the  term  velocity 
hardly  applies  to  this  case,  and  that  the  current  arrives  at  different 
points  so  gradually  that  wc  know  not  when  to  say  it  has  arrived.  But 
there  is  certainly  a  minimum  time  when  even  an  infinitesimal  current 
can  reach  a  distant  point.  Suppose  two  wires  stretched  in  space  with 
their  ends  near  together  nt  one  end  and  a  Leyden  jar  be  discharged  from 
one  to  the  other  at  the  near  end.  The  minimum  possible  time  of  obtain- 
ing a  spark  at  the  distant  end  will  evidently  he  the  time  required  by 
light  to  pass  from  the  Leyden  jar  to  the  distant  point,  not  around  the 
wire,  but  in  a  straight  line.  In  this  ease  the  greate.^t  maximum  velocity 
thus  twice  that  of  light  reckoned  around  the  wire,  and  may  be  any 
imount  greater  when  we  bend  the  wire.  For  all  ordinary  distances  this 
velocity  may  be  considered  infinite,  and  the  retardation  to  depend 
only  on  the  electrostatic  capacity  and  magnetic  self-induction  of  the 
Treated  in  this  way,  we  have  Thomson's  mathematical  theory 
of  the  propagation  of  an  electric  wave  along  a  telegraph  wire  or  cable, 
ft  theory  of  great  practical  use  in  telegraphy  and  telephony.  But  until 
the  action  in  the  external  medium  is  also  taken  into  account,  it  can  only 
be  considered  an  approximation.  For  we  can  never  move  a  magnet, 
dificfaarge  a  Leyden  jar,  or  complete  the  circuit  of  a  battery,  without 
Mnung  a  wave  of  electro-magnetic  disturbance  in  the  ether,  and  every 
vignal  which  is  sent  along  a  telegraph  line  in  accompanied  by  a  wave  in 
the  ether,  which  travels  outward  into  space  with  the  velocity  of  light. 
Tmly  the  idea  of  a  medium  is  to-day  the  keystone  of  electrical  theory. 
>DBt  we  can  hardly  supjiose  that  it  has  even  yet  attained  a  fraction  of 
■*he  importance  to  which  it  is  destined  to  rise. 

Let  me  now  call  your  attention  to  one  of  the  ntoet  wonderful  facts 
■fonneeted  with  electrical  science.  When  we  are  dealing  with  the  elec- 
^iMtatic  action  of  electricity,  we  find  that  it  is  the  so-called  electric  fluid 
*Iiich  attracts  the  opposite.  Not  only  do  we  observe  the  attraction  of 
'wdiea  oppositely  charged,  but  the  electricity  itself  on  the  two  bodies  is 
4iq)Iaced  by  its  mutual  action.  But  when  we  come  to  investigate  the 
attraction  or  repulsion  of  electric  currents  on  each  other,  we  find 
entirely  different  law.  In  this  case  the  conductors  carrying  the  cur- 
ints  attract  or  repel  each  other,  but  the  currents  within  those  con- 
ictors  have  no  influence  of  attraction  or  repulsion  to  displace  them- 
^T«B  within  the  body  of  the  conductor.  In  other  words,  the  current 
not  displaced  by  the  action  of  a  neighboring  magnet,  but  flows  t 
ilmly  as  if  it  were  not  present. 
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This  to  me  is  one  of  the  moat  wonderful  fatts  in  electrical  eci^ 
lies  at  the  foundation  of  our  si-ience.  It  cannot  be  ignored  in  any  fur- 
ther progress  we  may  make  in  electrical  theory,  but  points  out  a  radical 
difference  between  electrostatic  and  electro-magnetic  action. 

I  have  said  there  is  no  action  of  a  magnet  in  displacing  an  electric 
current,  and  have  thus  stated  the  broad  general  fact,  and  which  is  per- 
ft'clly  true  in  some  metals.  But  in  others  there  is  a  small  action  which 
chanc;es  in  direction  with  the  material.  The  elements  of  the  electric 
current  within  the  material  are  rotated  around  the  lines  of  magnetic 
force,  sometimes  in  one  direction  and  sometimes  in  the  other,  according 
to  the  material.  But  the  action  is,  in  all  cases,  very  weak.  When  ap- 
plied to  the  electro-magnetic  theory  of  light,  this  action  leads  to  the 
magnetic  rotation  of  the  plane  of  polarization  of  light.  As  to  the  ex- 
planation of  both  these  actions,  Thomson  lias  remarked  in  the  case  of 
light,  from  dynamical  considerations,  the  rotation  can  only  come  from  a 
true  rotation  of  something  in  the  magnetic  field,  and  leads  us  to  think  of 
all  magnetic  action  as  of  the  nature  of  vortex  motion  in  a  fluid.  But 
here  our  theorj-  cndc  for  the  present.  We  have  obtained  u  clew,  but  it 
J6  not  yet  worked  up. 

I  have  now  taken  a  rapid  glance  at  some  of  the  modem  advances  of 
electrical  science,  and  we  have  not  yet  had  to  give  up  the  old  idea  that 
electricity  is  liquid.  To  the  profound  thinker  this  idea  is  very  vague, 
and  there  are  some  facts  iit  variance  with  it,  but  it  is  still  usefid.  We 
often  hear  persons  say  that  this  old  idea  is  gone,  and  that  electricity  is 
"  force,"  wliiitover  they  niiiy  uiPiiri  by  thnf,  Tiut  let  us  s^ee.  The  work 
or  energy  of  an  electric  current  bi'twecn  any  two  ]>oints  is  the  quantity 
of  electricity  pnssi'd  multiplied  by  the  potcnliiil:  this  work  goes  to 
heating  the  wire.  Let  a  cnrieut  of  water  be  passing  in  a  pi])e,  and  thi' 
quantity  of  water  iiuiltii>lied  by  Ibe  tlilTcrenco  of  pressure  between  two 
points  givi'H  us  flic  work  which  lias  b.'cn  clone  in  the  intervening  space, 
and  which  bus  produced  heat.  The  analogy  is  complete.  Xo  electricity 
has  boon  deslroyc-d  in  Ili.>  one  ca^e.  or  water  in  the  other,  but  the  work 
haf:  coDie  fri.m  tlic  fall  nf  potential  in  the  <uio  case,  and  the  fall  of 
pressure  in  tbi'  nilier;  Ibc  resultant  is  lbc>  same  in  both— heat.  Again, 
we  can  obtain  work  fioni  the  uiulnal  attraction  and  repulsion  of  elec- 
Irilied  bodies,  and  ibe  work  in  tliis  case  always  comes  from  ibo  change 
■  if  iMjfi'utia!  I'ctwcrii  Hie  l^'dii's  wbilr  tin'  clrclrii'  charges  remain  undis- 
turbed in  qunnlily.  Klctlricity,  ihcii.  is  not  energy,  hut  is  more  of  ihe 
nature  i>f  matter. 

.So  far  for  elcctriialv  in  llic  st^ile  of  rest  or  steady  flow.     But  when  it 
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changes  from  rest  tu  motion,  all  known  liquida  have  a  property  known 
!  inertia;  fnrthennore,  they  have  weight.  But  the  electric  fluid  has 
neither  inertia  nor  weight  as  far  as  we  have  yet  experimented,  and  in 
this  reapect  differs  from  all  known  matter.  Furthermore,  we  have  never 
yet  been  able  to  separate  electricity  from  ordinary  matter.  When  we 
(pass  electricity  through  a  vacuum,  the  resistance  becomes  less  and  less, 
and  one  may  have  hopea  of  finally  having  an  electric  current  through  a 
TBCuum.  Uut,  as  the  eshaustion  proceeds,  we  observe  that  the  resist- 
ance begins  to  increase  until  it  reaches  such  a  point  that  no  discharge 
tan  take  place.  Electricity  cannot  exist,  then,  without  matter,  a  fact 
fatal  to  the  idea  of  a  tliiid,  liowcver  useful  that  may  be.  We  have  but 
B  conclusion  from  this,  and  that  is  that  eleclriintj/  is  a  pruperiy  of 
mUter.  Do  with  it  what  we  may,  it  can  never  be  separated  from  matter, 
and  when  we  have  an  elwtrieal  separation  the  lines  of  force  must  always 
begin  and  end  in  matter. 

The  theory  of  matter,  then,  includes  electricity  and  magnetism,  and 
hence  light;  it  includes  gravitation,  heat,  and  chemical  action;  it  forms 
the  great  problem  of  the  universe.  Wlien  we  know  what  matter  is, 
then  the  theories  of  light  and  heat  will  also  be  perfect;  then  and  only 
thcD,  shall  we  know  what  is  electricity  and  what  is  magnetism. 

It  iB  the  problem  of  tlie  universe  which  looms  up  before  us  and  before 
*hieh  we  stand  in  awe.  The  intellect  of  the  greatest  among  us  a|>pears 
Imi  feeble  and  we  all,  like  JJewton,  appear  but  as  children  on  the  sea- 
■hore.  But  how  few  of  us  find  the  shells  which  Newton  did.  and  how 
f  ua  try.  The  problem  is  vast  and  the  means  for  its  solution  muat 
il*  of  corresponding  magnitude.  Our  progress  so  far  has  been  but  small. 
'Vhm  we  push  our  inquiry  in  any  direction  we  soon  reach  a  limit;  the 
**Eion  of  the  unknown  is  infinitely  greater  than  the  known,  ajid  there 
"no  fear  of  there  not  being  work  for  the  whole  world  for  cenUiries  to 
As  to  the  practical  applications  which  await  us,  the  telegraph, 
■le  telephone,  and  electric  lighting  are  but  child's  play  to  what  the 
i  will  see  in  the  future. 
But  what  is  necessary  to  attain  these  results?  We  have  seen  how  the 
Wble  spirit,  which  was  waked  up  by  friction  in  the  amber  and  went  forth 
^iitMf  in  light  bodies,  has  grown  until  it  now  dazzles  the  world  by  its 
ilUancy,  and  carries  our  thoughts  from  one  extremity  of  the  world  to 
■e  other.  It  is  the  genius  of  Aladdin's  lamp  which,  when  thoroughly 
med,  goea  fortli  into  the  world  to  do  us  aervieo,  and  returns  bearing 
i  wealth  and  honor  and  richi*.  But  it  can  never  be  the  servant  of  a 
aorant  or  lazy  world.     Like  the  genius  of  Aladdin's  lamp  it  appears 
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to  the  world  when  the  amber  was  rubbed,  but  the  world  knew  not 

langiiBfie  in  which  tn  give  it  orders,  and  was  too  lajy  to  Icam  Jl.  Thi' 
spirit  of  the  amber  appeared  lieforc  them  to  receive  its  orders,  but  was 
only  gHzpd  at  in  silly  wonder,  and  retired  in  (iisgust.  They  had  but  to 
order  it  and  it  wnuld  hflvc  gone  to  the  uttermoBt  parts  of  the  wtrth  with 
almost  the  velocity  of  light  to  do  their  bidding.  But  in  their  ignorance 
they  knew  not  its  language.  For  two  Ibousand  yejire  they  did  not  study 
it,  and  whpn  they  then  began  to  do  so  it  took  them  two  hundred  and  fifty 
years  to  learn  the  langimge  suSiciently  to  inoVe  a  messenger  of  it.  And 
even  now  we  are  but  children  studying  its  A  B  C.  It  i«  knowlrdgo, 
more  knowledge,  that  wp  want, 

I  have  briefly  recounted  thi-  advaiici's  which  we  have  now  made  in 
one  science,  and,  however  beautiful  it  may  appear,  we  have  booq  r»>tu;he<l 
the  limit  of  the  known,  and  have  stood  in  wonder  before  the  vast  un- 
known. For  very  mm-h  of  our  scionc*?  we  see  no  practical  application*, 
but  we  value  it  no  less  on  that  account.  We  study  it  because  we  have 
been  gifted  with  minds  whose  exercise  delights  us,  and  bccuuee  it  seems 
to  us  one  of  the  highest  and  noblest  of  employments.  And  we  know  by 
the  history  of  the  jjaat  tlial  the  progress  of  the  world  depends  on  our 
pursuit,  and  that  practical  applications,  snch  as  the  world  has  never  even 
conceived  of.  await  us.  It  ia  necessary  that  some  should  go  before  10 
clear  the  way  for  the  world's  advance. 

This  is  the  work  of  the  pure  scientist;  to  him  the  problem  of  the 
verse  is  worth  devoting  his  life,  and  he  looks  upon  wealth  as  only 
ing  to  his  iricnns  of  reseyrch.  ITi>  hopes  not  fo  -olvo  the  problem  hiiti- 
f(-\f.  Iiii(  is  cotitcntod  if  he  iTuiy  add  sonic  small  portion  to  human  knowl- 
edge; if  be  uiiiv  but  do  his  |>iirt  in  the  innreh  of  liuiuau  progre:;.^.  He 
looks  not  for  praelicol  n]>|.linT(ioiis.  but  lie  knows-  full  well  that  his  most 
abstruse  .liscuverie^  will  iinally  he  iu;ule  useful  to  uuiukind  at  large,  and 
so  irouliles  himself  no  further  about  it. 

Th.>  seienec  wliieh  lie  ,n>ates  is  stiuHed  by  others.  Their  nuTids  arc 
I'diiciiteil  by  it  imd  their  hearts  eutnnieed  liy  its  beauties.  And  some 
are  leil  to  devote  (beir  li\es  to  its  furtlier  advancement.  But  the  whoN^ 
world  benefits  by  it  intellectually.  The  wayward  spiril  of  the  and^er 
lias  vanished  forever,  aiul  i>rosnie.  law-abiding  electricity  has  taken  its 
]ilac-e  even  in  the  estimation  of  the  uLosf  i.<nioraiit.  The  world  has  ad- 
vanced, and  in  great  part  from  the  study  of  science. 

Then  lomes  the  iiraelieal  man.  who  sees  Ihat  other  benefits  can  be 
reaped  besides  tbo.se  of  pure  intellectual  enjoyment.  While  the  inves- 
tipitor  toils  to  utidoistaiid  the  problem  of  the  universe,  the  practicid 
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man  seeks  to  make  a  servant  of  our  knowledge.  He  seeks  to  increase 
the  power  of  our  bodies  and  to  make  the  bonds  by  which  the  mind  is 
milted  to  it  less  irksome.  It  is  he  that  increases  the  wealth  of  the  world, 
and  thus  allows  those  so  disposed  to  cultivate  their  tastes  and  to  elevate 
themselves  above  the  savages.  The  progress  of  the  world  depends  upon 
his  inventions. 

Let  not,  then,  the  devotee  of  pure  science  despise  practical  science, 

nor  the  inventor  look  upon  the  scientific  discoverer  as  a  mere  visionary 

person.     They  are  both  necespaiy  to  the  world's  progress  and  they  are 

necessary  to  each  other. 

To-day  our  country,  by  its  liberal  patent  laws,  encourages  applied 

:     science.     We  point  to  our  inventions  with  pride,  and  our  machinery  in 

many  of  the  arts  is  not  surpassed.     But  in  the  cultivation  of  the  pure 

sciences  we  are  but  children  in  the  eyes  of  the  world.     Our  country  has 

now  attained  wealth,  and  this  wealth  should  partly  go  in  this  direction. 

We  have  attained  an  honorable  position  in  applied  science,  and  now  let 

us  give  back  to  the  world  what  we  have  received  in  the  shape  of  pure 

science.     Thus  shall  we  no  longer  be  dependent,  but  shall  earn  our  own 

tcience  as  well  as  inventions. 

Let  physical  laboratories  arise;  let  men  of  genius  be  placed  at  their 
lead,  and,  best  of  all,  let  them  be  encouraged  to  pursue  their  work  by 
the  sympathy  of  those  around  them.  Let  the  professors  be  given  a 
liberal  salary,  so  that  men  of  talent  may  be  contented.  Let  technical 
•chools  also  be  founded,  and  let  them  train  men  to  carrv  forward  the 
fireat  work  of  applied  science. 

Let  them  not  be  machines  to  grind  out  graduates  by  the  thousand, 
Respective  of  quality.  But  let  each  one  be  trained  in  theoretical 
•tience,  leaving  most  of  his  practical  science  to  be  learned  afterward, 
*^oiding,  however,  overtraining.  Life  is  too  short  for  one  man  to  know 
^ttything,  but  it  is  not  too  short  to  know  more  than  is  taught  in  most 
:  ^  onr  technical  schools.  It  is  not  telegraph  operators,  but  electrical 
^  ^^J^eers  that  the  future  demands. 

Such  a  day  has  almost  come  to  our  country  and  we  welcome  its  ap- 
T^totch. 

Then,  and  not  till  then,  should  our  country  be  proud  and  point  with 

\  ^ttisfaction  to  her  discoveries  in  science,  pure  and  applied,  while  she 

>m  knowledge  enough  to  stand  in  humiliation  before  that  great  undis- 

wered  ocean  of  truth  on  whose  shores  Newton  thought  he  had  but 
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In  the  progress  of  all  sciences  there  ure  epochs  when  men,  thoroughly 
fitted  by  nature,  if  not  by  education  also,  for  the  moat  succcesful  etudy 
mad  advancement  of  their  science,  are  born  into  the  world,  and  by  thfir 
natural  talent,  perseverance  and  love  of  their  science,  give  it  an  impetus 
which  stamps  their  name  forever  on  its  history.  But.  however  s^cat 
they  may  be,  vo  know  enough  of  the  nature  of  scientific  progress  to  be 
sure  that  there  never  was  one  of  such  greatness  as  to  be  absolotely  neci'=- 
sary  to  human  progress.  The  world  would  never  have  stood  still  on 
account  of  the  absence  of  any  name  from  its  annals,  and  even  the  plac« 
of  the  immortal  Newton  would  sooner  or  later  have  been  filled  by  othon^^ 
and  all  the  discoveries  of  his  "  I'rincipia"  have  been  known  to  iig  no^^ 
even  had  he  never  exiated. 

Discoveries,  then,  have  their  origin  not  only  in  the  presence  of  men 
of  exceptional  genius  in  the  world,  but  in  a  true  and  overwhelming 
progress  of  science  which  marches  forward  to  the  understanding  of  the 
univcrs^c,  irrespective  of  the  efforts  of  any  single  individual  to  prouioie 
or  retard  it.  It  is  a  frrral  fact,  wliose  e.\planittion  we  find  in  the  cravinf! 
of  niiinkiiid  for  knowledge  i>f  nature  and  power  over  her. 

As  irien  of  genius  are  borii,  they  find  the  discoveries  of  ihose  who 
have  gone  before  tbcio  awaiting  them.  Tbey  join  in  the  pood  work, 
tiud  add  tlieir  cllV.rts  towiird  llio  advancement  of  knowledge.  But  in  all 
ciises  they  htiirt  at  the  point  where  tiiosc  who  liave  gone  before  tliem 
have  left  olT;  it  their  work  is  good  they  continue  it;  if  it  is  bad  thi'v 
replace  it  by  better,  thiit  Ibe  structure  of  science  may  he  roared  on  ?nliil 
foundations,  and  grow  surely  and  steadily  toward  a  perfect  whole. 

To  undiTsland,  then,  the  place  of  any  man  like  Faraday  in  the  hist'iry 
of  science,  we  must  also  understand  the  state  of  that  science  at  the  time 
when  he  did  his  work. 

Michael  Fiiradny.  tlu-  son  of  a  suiiili.  wns  l)nrn  in  1791,  and  was  ay- 
prenticed  In  a  bookseller  ami  li.iokhinder  in  1801.  He  educated  himself 
bv  rciidiug.  iiiid  Ix'cunie  tbc  iissistant  of  the  great  chemist.  Sir  Iluniphrv 
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Davy,  when  he  was  twenty-two  years  old.  His  attention  was  first  given 
to  chemistry,  but  was  finally  attracted  to  electricity  by  the  discovery  of 
electro-magnetism  by  Oersted,  in  1820.  At  this  period  the  subject  of 
electrostatics  was  very  far  advanced  even  as  compared  with  modern 
times. 

More  than  200  years  before,  Gilbert  had  commenced  the  study  of 
electricity,  and  divided  bodies  into  electrics  and  non-electrics,  accord- 
ing as  they  produced  or  did  not  produce  electricity  by  friction.     Neariy 
100  years  before,  Stephen  Gray  had  discovered  the  difference  between 
conductors  and  non-conductors,  and  had  shown  the  means  of  carrying 
electrical  effects  to  a  distance  of  several  hundred  feet  by  means  of  a  con- 
ducting thread  or  wire  suspended  by  non-conducting  threads  of  silk. 
Otto  von  Guericke,  du  Fay  and  Wilke  had  shown  that  there  were  two 
kinds  of  electricity — resinous  and  vitreous.     The  Leyden  jar  had  been 
discovered  by  the  Dutch  philosophers.     Franklin  had  written  his  cele- 
brated series  of  letters  on  electricity,  explaining  the  phenomenon  of  the 
Leyden  jar  and  induction  as  clearly  as  we  can  do  it  at  present,  giving 
hig  theory  of  positive  and  negative  electricity  to  the  world,  and  demon- 
strating in  the  most  perfect  manner  the  electrical  nature  of  thunder 
and  lightning. 

Aepinus  and  Cavendish  had  applied  mathematics  to  the  subject,  and 
the  latter  had  discovered  the  law  of  inverse  squares,  and  made  for  himself 
I  series  of  graduated  condensers,  by  which  he  measured  the  capacity  of 
differently  shaped  bodies.  They  had  been  followed  by  Laplace,  Pois- 
■Mi  and  Biot  in  mathematical  electricity.  Coulomb  had  introduced  his 
twrion  balance,  the  first  accurate  instrument  for  electrical  measure- 
ment. 

Galvani  and  Volta  had  shown  how  to  produce  a  current  of  electricity 

ly  the  galvanic  battery.     The  chemical  action  of  electricity  had  long 

Ibeen  known,  and  had  been  forcibly  brought  before  the  world  by  the 

JDttmortal  experiments  of  Davy  only  a  short  time  before,  and  Hitter  had 

^iiacovered  polarization  and  Ihe  storage  battery. 

But,  although  many  persons  had  suspected  that  there  was  some  con- 

t    Election  between  electricity  and  magnetism  it  was  not  until  Oersted,  in 

1820,  discovered  the  nature  of  this  connection,  and  Ampere  had  given 

lie  laws  of  the  attraction  of  currents,  that  the  science  of  electro-mag- 

Hdtism  became  a  subject  of  investigation.     This  new  discovery  aroused 

-    4e  attention  of  the  scientific  world  to  another  field  of  research,  and 

ipecially  awakened  in  Faraday  that  sublime  curiosity  with  respect  to  its 

W8,  which  finally  led  him  to  his  first  discovery  in  this  subject. 
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The  new  fact  of  electro-magnetism  intere§ted  him.  Soon  he  tounfl 
tliat  the  turning  of  the  needJe,  as  found  by  Oersted,  could  he  aticounted 
for  by  the  attempt  of  the  north  pole  to  revolve  around  the  wire  in  ono 
direction  and  the  south  pole  in  the  other.  Not  content  with  deraon- 
Birating  the  theory,  he  invented  some  pieces  of  Hppaiatns  by  which 
Uiis  revolution  could  be  realized,  and  every  collection  of  phj-sical  appar- 
atiia  now  has  them.  The  liitle  wires  or  magnets  hanging  in  the  cups  of 
mercury  are  familiar  to  all,  and  form  the  first  notable  instance  of  a 
continuoue  rotary  motion  produced  by  the  electric  current;  it  was  the 
first  form  of  electro-magnetie  motor  so  common  in  our  day.  But  wi- 
can  not  call  this  a  great  discovery,  as  the  principles  were  very  apparent. 

Eight  or  nine  years  now  passed  before  Faraday  gave  anything  of 
importance  to  the  world  in  the  subject  of  electricity  and  magnetism. 

Seebeck  discovered  thermo-electricity.  Ohm  discovered  the  law  con- 
necting electro-motive  force,  rosiatance  and  current,  and  the  whole 
BCientific  world  was  alert  to  discover  new  facta.  Faraday  brooded  on 
the  subject:  the  electric  current  produced  magnetism,  why  should  not 
magnetism  produce  an  electric  current?  At  the  present  age  of  the 
world  we  could  answer  this  question  at  once,  by  aid  of  the  great  law  of 
the  conservation  of  ener^'.  But  fifty-seven  years  ago  it  was  unknown. 
except  in  a  very  vague  manner;  the  foreshadowing  of  tliia  great  law 
soon  raine  into  tJie  mind  of  Faraday,  but  at  this  jwHod  he  eoidd  only 
grope  blindly  in  the  dark.  He  knew  that  a  piece  of  soft  iron  became 
magnetic  in  the  presence  of  a  magnet,  and  that  a  conductor  was  electri- 
fied by  induction  whnn  near  a.  charged  body.  Reasoning  by  nnalogy, 
why  should  not  a  conducting  (.'irciiit  have  a  current  generated  in  it  in 
the  presence  of  u  wire  carrying  a  current?  This  was  Faraday's  reason- 
ing, and  he  proceeded  to  Ust  it  by  experiment.  Winding  two  wire? 
siilo  by  side,  on  a  cylinder  of  wood.  ]n>  pas.'^od  strong  currents  of  elec- 
Iricity  through  one  of  thcui,  and  lUtachod  the  other  at  its  two  ends 
to  a  g.ilviiuometer.  The  slightest  jiermanent  deflection  was  observed, 
and  inimy  a  man  wmdd  liiive  pronounred  the  experiment  a  failure, 
liut  Fiiraday  was  not  of  tlmt  natnro;  lie  tried  again  and  again,  and 
while  bending  over  the  galvanoiueter  in  a  viiin  effort  to  see  a  slight 
perniant-nl  deflection,  he  noticed  a  little  jerk  of  the  needle,  almost  too 
small  to  be  noticed,  lliw  iittciilinu  was  nrrested  by  this  curious  action, 
and  he  i>r(»eeded  to  investigate  it. 

Tie  fiiiiTid  ihiif  this  slighl  UHivenieut  of  the  needle  was  in  one  direc- 
tion on  ninking  the  cnrreiit,  and  Die  o|)|ioKite  direction  on  breaking  it. 
lie  siilistitiitcl  ii  lielix.  nicloMiig  an  nnmagnetized  needle  for  the  gal- 
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Tanometer,  and  he  found  that  it  was  magnetized  hy  this  electrical  wave, 
at  the  moment  of  making  or  breaking  the  main  circuit. 

But  Faraday  was  not  content  until  he  had  discovered  at!  the  laws 
of  this  new  action;  he  placed  two  wires  on  boards,  so  that,  when  near 
together,  they  were  paraUcl  to  each  other.  He  now  found  that  the 
action  took  place,  not  only  when  the  current  was  interrupted,  but  also 
when  one  wire  was  moved  with  respect  to  the  other. 

So  far,  the  new  effect  had  only  been  obtained  near  an  electric  current. 
But  Faraday  did  not  forget  the  connection  between  electricity  and 
magnetism,  but  now  proceeded  to  give  a  new  aspect  to  hia  discovery. 

For  this  purpose  he  chose  a  ring  of  wrought  iron  on  which  he  wound 
two  coils  of  wire  which  he  attached  to  a  battery,  and  to  a  galvanometer, 
as  before.  From  the  presence  of  the  iron,  however,  he  obtained  an 
immensely  greater  effect  than  at  first,  bo  that,  instead  of  an  almost 
microscopical  deflection,  the  needle  of  the  galvanometer  whirled  around 
three  or  four  times,  and  on  attaching  two  points  of  charcoal  to  the  ends 
of  the  secondary  wire,  he  observed  a  minute  spark  between  them  on 
completing  the  main  current.  The  same  increased  elfects  occurred  on 
placing  bars  of  iron  in  straight  coils  of  wire,  and  Faraday  had  now 
proved  that  the  new  eftect  was  dependent  on  the  magnetic  action  of 
the  current. 

He  now  made  one  step  further,  and  showed  that  these  induced  cur- 
rents could  be  obtained  from  penrnnent  magnets  without  the  aid  of 
other  currents,  by  the  simple  motion  of  a  wire  near  a  magnet,  and  that 
they  were  specially  intense  when  the  wire  was  wound  on  a  soft  iron 
cylinder,  which  was  then  moved  near  the  poles  of  a  magnet.  'Sot  con- 
tent with  observing  these  currents  by  a  galvanometer,  he  obtained  a 
powerful  permanent  magnet  and  allowed  his  bar  of  iron,  wound  with  the 
coil,  to  come  in  contact  with  the  poles,  the  circuit  being  broken  at  the 
same  instant.  A  spark  wae  observed  at  this  broken  junction  everj'  time 
the  bar  came  down  on  the  [Kilec.  Tyndal!  tclU  a  very  curious  iJlnry  of 
this  experiment  which  we  can  well  recall.  Faraday  was  attending  a 
meeting  of  the  British  Association  in  Oxford,  in  1832,  and  was  re- 
(juested  to  show  some  of  his  wonderful  resulls  to  the  scientists  there 
gathered.  While  he  was  thus  occupied  a  dignitary  of  the  University 
entered  and  inquired  what  was  going  on.  Prof.  Daniell,  who  was 
standing  near,  explained  the  matter  in  popular  language.  The  Dean 
listened  with  attention,  and  looked  earnestly  at  the  brilliant  spark,  but 
a  moment  afterwards  he  assumed  a  serious  countenance,  and  shook  his 
head:  "  I  am  sorrv  for  it,"  said  he,  as  he  walked  awav;  "  I  am  sorrv  for 
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it;  indeed  I  am  sorry  for  it;  it  is  putting  new  arms  into  the  bands  at  the 
incendiary,"  This  occurred  a  short  time  after  the  papers  had  been 
filled  with  the  doingB  of  the  haj-rick  burners. 

Now,  after  more  tliau  fifty  years,  the  spark  of  Faraday  hlozes  st  everj' 
street  comer,  but  it  has  never  been  found  more  eilicieat  tlian  an  ordinal? 
lucifer  match  in  the  burning  of  hayricks. 

Faraday's  attention  was  now  called  to  the  explanation  of  a  curious 
action  discovered  by  Arago,  who  found  that  a  rotating  disk  of  copper 
curried  a  magnetic  needle  with  it  when  the  latter  was  suspended  over 
it.  The  explanation  had  never  been  obtained,  but  Faraday  now  saw 
that  it  was  but  an  instance  of  his  newly  discovered  action.  In  order 
to  show  that,  currents  were  induced  in  the  revolving  plate,  he  mounted 
it  between  the  poles  of  a  magnet  and  conueeted  the  centre  with  one 
pole  of  a  galvanometer;  on  pressing  a  wire  from  the  other  pole  to  the 
e<lge,  Faraday  obtained  a  continuous  current  of  electricity.  Tliis  was 
the  first  continuous  current  dynamo  ever  constructed. 

But  he  rested  not  until  he  had  obtained  the  laws  of  induced  currents 
end  expressed  them  in  such  Bimple  language  that  they  have  ever  since 
been  the  admiration  of  the  scientific  world. 

In  giving  the  law  of  the  production  of  these  induced  currents,  Fara- 
day for  the  first  time  made  use  of  his  famous  "  lines  of  force,"  although 
he  here  calls  them  magnetic  curves. 

He  showed  that  a  wire  muEt  cut  these  lines  in  order  to  have  a  cnrrent 
induced  in  it.  In  order  to  account  for  the  induction  in  neighboring 
wires  on  making  and  breaking  an  electric  current,  he  pictured  in  his 
miiid  tlio  lines  of  force  moving.  The  current  could  only  start  gradually 
after  contact  was  made,  and  i\liilu  it  was  increasing  the  line^  of  fon.e 
always  closed  on  themselves  in  rings,  were  expanding  outwards  cutting 
any  wires  near  it.  and  inducing  currents  in  them.  When  tlie  current 
was  broken,  the  lines  contracted  juid  produced  contrary  induced  cur- 
rent,^. 

In  Mflcr  yi'iirs  iic  m:u\<'  his  biw  i|iiantitiittvc,  and  proved  (bat  the 
iiit.-iiil  indu(.'il  i-uiT.'Tit  w:is  jii  iirn|ioi-tion  lo  Ibe  number  of  ]jne^;  of 
force  <'ut  hy  tlic  wirr. 

In  his  ivipers  of  IRII--?  1  fiii-l  llicsc  iln.s  idways  called  masznetic 
curves,  and  his  laws  of  iiHlinrd  .iirn-nis  are  given  in  terms  of  thes.> 
curvi'S.  This  idea  of  lines  of  fmci'  was  ever  after  one  of  the  iirinciiial 
points;  around  wliicb  the  mind  of  Faraday  revolved.     He  applied  it  to 

strivin"  to  do  aw:tv  with  action  ;ir  a  distance,  nnd  substitute  for  if  a 


Electbical  and  Magnetic  Discoveries  of  Faraday       643 

The  medium  subjected  to  electrical  or  magnetic  forces  is,  according 
to  Faraday's  idea,  polarized  in  the  direction  of  these  lines  of  force,  so 
that  each  particle  only  has  to  act  upon  the  one  next  to  it  in  order  that 
the  force  may  be  transmitted  to  any  distance.  In  Faraday^s  mind  these 
lines  had  not  only  an  imaginary  existence  as  being  the  direction  in 
which  the  north  pole  of  a  needle  or  an  electrified  particle  tended  to 
move  in  space,  but  also  a  real  existence.  He  imagined  them  as  elastic 
bands  repelling  each  other  laterally,  and  binding  the  north  and  south 
poles  of  a  magnet,  or  the  positive  and  negative  electricities,  together. 

It  was  only  in  after  years  that  he  discovered  all  the  properties  of  these 
lines,  and  I  shall  therefore  return  to  them  again. 

Guided  by  these  lines  of  force,  he  investigated  the  subject  of  in- 
duced electric  currents  in  so  complete  a  manner  that  nothing  of  funda- 
mental importance  has  ever  been  added  to  the  subject.  True,  to-day 
we  understand  the  subject  much  better  than  Faraday  ever  did.  The 
mathematical  researches  of  Helraholtz,  Tliomson,  Maxwell  and  others 
have  thrown  a  flooQ  of  light  upon  the  induction  of  electric  currents, 
and  the  law  of  the  conserv^ation  of  energy  gives  us  means  of  proving  all 
its  laws,  and  indeed  of  showing  that  magneto-electric  induction  is  the 
consequence  of  the  magnetic  action  of  the  current  as  discovered  by 
Oersted. 

But  fifty  years  ago  this  law  of  the  conservation  of  energy  was  too 
little  known  to  be  used  in  this  way.  It  required  the  support  of  just 
such  experiments  as  those  of  Faraday  to  bring  into  existence  and  to 
prove  it.  Hence,  Faraday  had  but  little  to  guide  him  to  the  discovery, 
except  that  subtle  reasoning  of  a  man  of  genius  which  almost  amounts 
to  instinct. 

The  difference  of  common  and  voltaic  electricity  next  engaged  his 
attention.  A  Leyden  jar  highly  charged  might  have  large  sparks  and  a 
loud  sound;  it  might  ignite  alcohol  and  produce  a  strong  shock  when 
passed  through  the  human  body,  but  it  was  almost  incapable  of  decom- 
posing water,  and  could  scarcely  affect  a  magnetic  needle.  The  voltaic 
Vttery,  on  the  other  hand,  could  produce  the  latter  effects,  but  not  the 
*<*mer. 

How  did  these  two  kinds  of  electricitv  differ? 

Faraday  answered  this  by  producing  all  the  effects  with  one  kind  of 
tiectricity  that  could  be  obtained  from  the  other.  He  showed  that  the 
Terence  was  caused  by  there  being  great  tension,  or,  as  we  call  it, 
Itotential  in  one  case,  with  very  little  quantity,  while  in  the  other  there 
Wi8  great  quantity  with  low  tension.     By  charging  Leyden  jar  batteries 
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of  different  sizes  wiih  the  same  nuinber  of  turns  of  hia  machine,  and 
discharging  tliem  through  a  galvanometer,  he  proved  that  the  sudden 
deflection  of  the  instrument  depended  on  the  quantity,  and  not  the 
tension,  of  the  electricity.  He  then  arranged  a  little  voltaic  batten-  out 
of  zinc  and  platinum  wires,  so  that,  when  joined  to  the  galvanometer  for 
three  seconds,  it  gave  the  same  swing  to  the  needle  as  the  I-eyden  jar 
battery  charged  with  thirty  tnrne  of  bis  machine.  By  thia  means  he 
was  able  to  estimate  (hat  a  small  battery  which  decomposed  a  grain  of 
water,  furnished  as  much  electricity  as  800,000  discharges  of  his  large 
Leyden  battery,  and  would  form  a  powerful  stroke  of  lightning,  if  dis- 
charged at  once. 

The  investigation  gives  us  the  first  rough  idea  of  the  magnitude  of  the 
quantities  involved  in  frictional  and  voltaic  electricity,  and  it  may  be 
considered  as  the  first  rough  approximation  to  the  ratio  of  the  electro- 
magnetic to  the  electrostatic  units  of  electricity. 

But  Faraday  was  a  chemist.  His  associations  with  Davy  had  made 
him  fauiiliar  from  the  lirst  with  the  chemical  actioif  of  the  battery,  and 
it  is  but  natural  that  his  attention  should  be  directed  to  its  investiga- 
tion. In  the  progresB  of  these  researches  he  noted  the  curious  fact  that 
all  bodies  which  could  be  decomposed  by  electricity  wiicn  a  fluid,  could 
neither  conduct  the  current  nor  be  decomposed  by  it  when  they  were 
solidified  by  the  cold.  The  conduction  and  decomposition  went  to- 
gether. Rising  from  this  to  a  general  law,  he  finally  proved,  by  im- 
mense labor,  that,  for  a  given  quantity  of  electricity,  whatever  the  de- 
composing conductor  may  he,  the  amount  of  chemical  action  is  the 
same.  The  current,  the  size  of  the  electrodes  and  the  strength  of  the 
snhifion  might  vary.  Imt  iho  amount  decomposed  by  a  given  quantity  of 
elcclHi'ily  rcrnniniMl  ihi-  siiuie.  Furthcrmnre.  the  iimnunt  of  difforont 
subetflucop  poparnli'd  was  in  proportion  to  their  chemical  equivalents. 
TTeufc.  the  voltaTucfcr  for  iiieasuring  the  electric  currents  which,  in 
till'  form  of  t-lie  sihvr  voltatn.'tnr.  i:;  tn-dny  one  of  our  most  acci 
sfrumculs. 

As  T  have  nunitiniii'il  liefore.  the  lendintr  ide 
the  repliicing  of  all  nclinn  at  a  di>itance  by  cui 
had  a  definite  phvsical  exislence.     So,  in  attac 
trolysis.   ]:,■  viTV  quicklv   showed   that    Davy's 
rat.'il  an  .■Icdrolyle.  I.y  iiotuiilly  attracting'  it- 

and  that  Ihc  ilieory,  according  to  which  decomposition  and  rccompo- 
sitiori  took  place  throughout  the  wliolc  course  of  the  current  in  the  elec 
trolvte,  was  correct. 
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Faraday  now  took  up  an  analogoue  subject — the  source  of  the  elec- 
tricity in  the  voltaic  battery.  He  showed  that  the  current  from  the 
battery  was  proportional  to  the  amount  of  ^ine  dieaolved,  and  that  the 
direction  of  the  current  depended  on  the  direction  of  the  chemical 
■ction. 

The  theory  of  Volta,  that  the  contact  of  two  metals  was  the  source  of 
electricity,  was  thus  elfectually  dispoeed  of,  so  that  even  the  recent  at- 
tempt to  revive  that  ancient  theor}-  could  only  have  met  with  the  disas- 
ter which  befell  it. 

is  impossible  for  me,  in  a  few  minutes,  to  give  account  of  all  that 
Faraday  did  on  these  subjetls  of  electrolysis  and  Ihe  theory  of  the  voltaic 
battery.  Ilis  work  is  a  perfect  mine  of  results — not  haphazard  and  dis- 
connected, but  each  designed  to  elucidate  some  point  in  theory  or  dem- 
onstrate some  law,  and  his  name  must  forever  be  associated  with  this 
Bubject.  His  law  of  the  definite  cheniiual  action  of  the  current  will 
tlways  form  an  enduring  monument  to  his  fame. 

Ever^'  discovery  that  Faraday  made  only  served  as  a  guide  to  him  in 
making  fresh  ones. 

We  have  seen  that  Faraday  found  that  when  an  electrolyte  was  in  the 
solid  state  it  no  longer  conducted  the  current.  To  most  observers  this 
irould  only  have  been  an  interesting,  but  disconnected,  fact.  But  the 
far-sighted  mind  of  Faraday  perceived  in  this  an  explanation  of  no  less 
I  subject  than  that  of  electric  induction.  As  in  the  electrolyte,  he  con- 
Wived  the  particles  to  be  arranged  in  certain  directions,  decomposing 
uid  recomposing  along  lines  in  the  direction  of  the  electric  currents,  so 
the  solidified  electrolyte  there  was  some  arrangement  along  the  lines 
in  whifh  Ihe  current  wished  to  pass,  that  is,  of  electric  force.  Hence  liis 
tteory  of  the  nature  of  electric  induction  and  of  electric  force.  It  was 
SW  action  at  a  distance,  but  the  action  of  contiguous  particles  on  each 
■Mlier.  As  in  magnetism,  so  in  electricity,  the  action  was  carried  to  a 
'^iBtance  by  a  medium. 
Not  content  with  merely  giving  the  theory,  he  proceeded  to  prove 
t  If  it  were  true,  then  the  nature  of  the  medium  should  affect  the 
mount  of  the  induction.  We  all  know  his  beautiful  apparatus  for  test- 
Dg  this — the  two  globular  lyeyden  jars  which  could  be  filled  with 
ir,  glass,  oil  of  turpenline,  gases,  etc.,  how  he  divided  the  charge  of 
le  between  the  two  and  measured  it  on  a  Coulomb  electrometer,  and 
OS  discovered  that  his  inference  was  correct,  that  each  substance  had 
specific  inductive  capacity,  and  that  the  charge  of  a  condenser  de- 
luded not  only  on  the  area  of  the  surface  and  the  thickness  of  the 
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dielectric,  but  also  on  the  nature  of  tiie  latter,  air  or  vacuam 
the  ieaet  coDdeusing  effect,  and  glass,  sulphur,  etc.,  b  greater  one. 

To  complete  his  mental  viEion  of  an  electrified  eystem,  it  wa 
tary  for  him  to  test  in  a  very  complete  manner  the  idea  that  poc>itiv») 
and  negative  electricities  are  generated  in  equal  quantities.  To  accom-- 
plish  this,  he  erected  a  room  of  twelve  feet  on  a  side  out  of  a  frame- 
work covered  with  tinfoil,  and  the  whole  insulated.  By  generating 
electricity  inside  of  it,  he  was  able  to  prove  in  a  more  complete  manner 
than  had  been  done  before  that  we  never  generate  positive  electricity  or 
, negative  electricity  by  itself,  but  always  in  equal  quantities  together- 
Every  complete  electrostatic  system  contains  equal  quantities  of  posi- 
tive and  negative  electricity,  which  are  separated  by  a  dielectric,  tbrou^ 
which  they  are  connected  by  the  lines  of  electric  induction,  wboae  tea- 
sinn  produced  electric  attraction. 

To-day,  when  the  mathematics  of  Maxwell  have  added  clearness  to  tb§ 
pubject,  we  see  every  electrostatic  sj-stem  made  up  of  minute  and  equal 
portions  of  positive  and  negative  electricity,  connected  together  hy 
tul>es  of  induction  as  by  ela.atic  bands,  tliese  tubes  repelling  each  ot'ier 
laterally,  to  as  to  lie  held  in  position,  we  know  tliat  the  attracliOTi  of  all 
electrified  bodies  is  accounted  for  by  such  a  system,  which  was  roughlt 
conceived  by  Faraday,  but  in  which  the  positions  and  form  of  every  line 
can  now  be  calculated. 

It  is  impossible,  on  the  present  occasion,  to  follow  Faraday  thr""El' 
all  his  researches  on  the  different  forms  of  electric  discharge  and  hif 
continued  researches  on  electrolysis;  but  I  will  pass  immediately  tn  t*" 
of  his  greateat  discoveries,  the  action  of  mainetisra  on  light  and  diamsc- 
netism.  In  his  researches  on  optical  glass  he  had  discovered  a  variftj"' 
heavy  glass,  called  silicated  l>orate  of  lead.  On  placing  this  bttnw" 
the  poles  of  a  magnet,  and  looking  through  it  along  the  lines  if  f'W^' 
he  foimd  that  the  plane  of  polarization  was  rotated. 

Using  other  substances,  he  found  that  most  of  them  bad  Bometfn«' 
of  thi"!  kind  in  the  magnetic  field.  The  laws  of  the  ningnetic  rotafim 
he  found  very  different  from  those  of  the  ordinary  rotation  of  turpen- 
tine or  sugar,  and  altogether  it  forms  a  most  interesting  and  ini['ortW( 
experiment  when  considering  the  theory  of  magnetism. 

Xot  content  with  discovering  this  law  irith  his  piece  of  optical  gits, 
he  no\p  sought  to  discover  whether  there  was  any  force  of  attractioO 
or  repulsion  between  it  and  the  magnet.  Hanging  it  up  letweon  6^ 
poles,  he  discovered  that  as  iron  was  attracted  by  a  magnet,  ao  tlie  h»Ti 
glass  was  repelled.     He  called  this  property  diamagnctism,  and  showM 


that  all  bodies  were  acted  upon  by  magnetism  and  could  be  classified  aa 
magnetic  or  dia magnetic.  Magnetism  now  had  a  universal  significance 
as  applying  to  all  bodies.  It  waa  universal  in  its  action,  and  all  bodies 
responded  to  it  to  some  extent  at  least.  Even  gasea  wore  acted  on  by  it, 
and  the  oxygen  of  the  air  was  found  quite  strongly  magnetic. 
Quickly  his  mind  seized  another  idea. 

As  the  intense  magnetism  of  iron,  nickel  and  cobalt  was  destroyed  by 
heat,  might  it  not  be  possible  that  all  bodies  should  become  magnetic 
when  cold?  He  carefully  tried  the  experiment,  but  never  was  able  to 
find  any  effect  with  the  means  of  producing  cold  at  his  command. 

In  reading  Faraday's  papers  we  are  surprised  at  the  clearness  with 
which  his  laws  are  expressed.  Although  ho  naturally  wished  to  bring 
his  lines  of  force  into  use  in  this  case  of  diamagnetism.  yet  we  now  find 
him  making  no  use  of  them.  His  law  says  that  magnetic  aubstances  in 
the  field  of  a  magnet  tend  lo  the  stronger  part  of  the  field,  and  the  dia- 
magnetic  to  the  weaker,  irrespective  of  the  direction  of  the  lines  of 
force- 
Bismuth  he  found  the  most  strongly  diamagnetic  of  all  bodies.  Tn 
'Using  B  crystal  of  this  substance  instead  of  a  bar,  he  found  that  it 
would  set  itself  in  a  magnetic  field,  even  if  this  was  uniform.  On  using 
other  substances  he  proved  the  general  law  that  all  crystals  possessed 
this  property  and  he  called  it  magne-crj-stallic  force. 

The  researches  on  diamagnetism  and  magne-crystallic  force  occupied 
Tiiaday's  time  for  five  years,  from  1845  to  1850,  and  he  was  now  in  the 

Kxtieth  year  of  his  age.     No  more  great  discoveries  fell  to  bis  lot,  but 
^^  is  mind  turned  more  and  more  to  brooding  over  the  consequences  of 
Big  past  discoveries  and  following  out  their  results. 

The  idea  of  lines  of  force  was  still  on  his  mind,  and  the  discovery  of 

diamagnetism  had  now  given  him  a  further  insight  into  their  nature. 

-&e  saw  that  the  magnetic  and  diamagnetic  nature  of  bodies  could  be 

BXpIained  by  considering  them  as  good  or  bad  conductors  of  these  lines 

!  force.     Iron  was  a  good  conductor  and  bismuth  a  bad  one.     When 

•oft  bon  was  placed  in  a  magnetic  field,  the  lines  of  force,  or,  as  we  now 

!  exactly  term  them,  the  lines  of  induction,  were  more  easily  con- 

hcted  by  it  than  by  the  air,  and  they  were  deflected  toward  and  through 

;  hnt  a  piece  of  bismuth  was  a  poorer  conductor  and  these  lines  of 

e  tended  to  pass  around  it  rather  than  through  it.     By  surrounding 

Iweak  magnetic  body  by  a  strong  magnetic  fluid  he  found  that  it  pos- 

I  all  the  properties  of  a  diamagnetic  one.     Pursuing  the  subject., 

le  showed  how  the  lines  of  induction  were  distributed  around  and  within 
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a  magnet,  and  how  we  are  able  to  measure  them  by  the  induced 
in  moving  wires.     The  method  of  exploring  the  magnetic  field  is  the  on 
exact  method  which  has  ever  beea  devised  for  use  in  euch  caee«  a 
field  of  modern  dynamo-electric  niachinea,  or  in  most  of  the  problem 
of  modem  electrical  engineering.     He  also  proved  that  the  lines  of  L 
duction  are  always  closed  circuits,  whether  they  are  due  to  permanent 
magnets  or  electric  currents,  thus  forever  destroying  our  hope  of  obtaift 
ing  a  continuous  current  by  induction  without  the  use  of  a  commutator. 
When  a  soft  iron  bar  was  approached  to  the  magnet,  it  drew  the  linai 
in  upon  itself:   they  proceeded  down  the  bar  until  they  were  forced  ii 
the  badly  conducting  air  and  the  number  which  went  further  down  ih^ 
bar  to  those  which  passed  out  into  the  air  at  any  point  was  in  proportioi 
to  the  crtnductivity  of  the  two.     A  steel  magnet  was,  in  his  eyes,  likei 
voltaic  pile  in  water.     As  the  current  of  electricity  was  forced  forward' 
by  the  electromotive  force  of  the  pile  and  diffused  itself  in  currenli 
through  the  wait-r.  so  the  lines  of  mngnelic  induction  were  formed  li» 
the  coercive  power  of  the  steel.     It  is  now  known  to  be  a  fact  tJiat  the 
distribution  of  magnetism  on  a  steel  magnet,  or  indeed  in  any  ca^e.  c, 
be  calculated  by  these  principles  Faraday  laid  down.     The  idea  of  a  loaf- 
netic  circuit  is  familiar  now  to  all  electrical  engineers. 

To  Faraday's  eye,  a  magnet  not  only  consisted  of  a  piece  of  steel  or 
loadstone  which  is  apparent  to  our  ordinary  vision,  but  inclntied  all  *i" 
space  around  which  was  filled  with  lines  of  force;  it  was  bounded  ODl.tk' 
the  limits  of  the  universe.  The  steel  served  merely  to  bind  togetiier 
the  ring-like  lines  of  induction  which  passed  from  the  magnet  to  *^'^ 
point  of  space. 

Faraday  was  not  a  mathematician,  and  could  not  thus  follow  out  tl>' 
consequences  of  his  great  ideas.  This  has  been  done  for  him  by  the  im- 
mortal Maxwell.  He  has  taken  up  the  idea  that  electrical  and  f*?' 
netic  forces  only  proceed  to  a  distance  by  aid  of  the  intervening  partirfo 
of  matter,  or  ether,  as  the  case  may  be,  and  has  given  it  a  maUipraatic^ 
basis. 

To-day  n  body  charged  with  electricity,  a  magnet  or  a  wire  camiii? 
an  electrical  current,  all  are  incomplete  without  the  space  around  ihfro. 
When  we  attach  a  battery  to  a  wire  and  the  current  apparently  fl"" 
through  it  as  if  it  were  n  current  of  water,  Faraday's  idea  shows  us  tli»t 
we  are  only  looking  at  the  matter  superficially;  around  that  wire  snl 
permeating  space  in  every  part  are  lines  of  magnetic  force,  and  lin«  "I 
electrostatic  force.  At  the  moment  of  joining  the  battery  to  the  win 
this  whole  complicated  system  of  lines  of  force  must  be  formed.    At  the 
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moment  of  breaking  circuit,  the  Byetem  mmt  vanish,  and  we  obtain  the 
energy  stored  up  in  this  space  surrounding  the  wire  in  the  bright  spark 
known  as  the  extra  current. 

What  a  flood  of  light  this  throws  on  many  experiments  such  as  those 
of  WTieatstone.  on  the  velocity  of  electricity.  With  his  wire  arranged 
in  paraJlel  loops  around  an  ordinary  room,  he  discharged  a  Ijcydcn  jar 
through  it,  and  assumed  that  the  electricity  passed  through  the  whole 
wire  before  a  spark  couid  form  at  the  distant  end.  But  we  know  that 
whole  room  was  instantly  filled  with  moving  lines  of  magnetic  force, 
which  induced  currents  in  every  wire  they  crossed,  and  hence  what 
Wheatatone  measured  was  merely  tlie  current  induced  from  one  wire 
or  those  near  it. 

Tliomson  and  Maswell  have  shown  that  the  medium  around  a  wire 
carrying  an  electric  current  is  iu  motion,  and  that  the  vortex  filaments 
form  Faraday's  lines  of  magnetic  force;  for  Faraday's  discovery  of  the 
magnetic  rotation  of  the  plane  of  polarization  of  light  can  be  explained 
in  no  other  way. 

Thus  the  discoveries  of  Faraday  have  been  engrafted  on  our  science, 
and  form  one  of  its  most  essential  features.  They  are  among  the  foun- 
dation stones  of  the  edifice  of  our  science. 

We  know  far  more  than  the  electricians  of  that  day,  in  the  details  of 
the  subject,  and  mathematics  has  given  us  a  broad  view  of  electricity 
and  magnetism,  such  as  never  before  was  obtained.  In  its  practical  use 
and  measurement  we  have  made  immense  strides  in  devising  methods 
and  instruments,  and  we  now  carry  out  our  experiments  on  a  scale  which 
Faraday  could  not  attempt,  seeing  that  subject,  which  has  hitherto  been 
best  adapted  to  the  contemplation  of  a  few  philosophers,  has  become 
of  use  to  all,  and  electricity  bids  fair  to  become  onr  most  important 
Eervant. 

The  Hpnrk,  which  Faraday  more  than  fifty  years  ago  observed  in  a 
darkened  room,  now  blazes  out  almoet  with  the  (wwer  of  the  sun,  but  it 
is  still  the  spark  of  Faraday.  Though  it  is  a  thousand  times  as  large,  it 
is  still  made  on  the  principles  which  Fnradny  laid  down,  and  nolhing 
except  mechanical  details  has  ever  been  added  to  its  procesis. 

How  suitable,  then,  that  we  should  remember  his  name  on  this 
occasion,  since  his  discoveries  have  served  as  the  basis  of  all  proprcw 
in  electrical  engineering.  Had  Faraday  not  lived  we  should  not  have 
been  here  to-night.  True,  as  I  have  shown  before,  the  progress  of  science 
could  only  have  been  delayed  by  the  absence  of  any  one  man,  but  how 
long,  in  this  case,  we  cannot  tell.     We  can  only  receive  with  -irptitudo 
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what  Faraday  has  given  freoly  to  ns.  and  speak  his  name  vriUi  1 
onoc  due,  not  only  to  hie  intellwliml  eminence,  but  b)  his  character. 
TiMi  noble  to  leave  science  for  the  wealth  held  out  to  him,  hi-  pcreuverrd 
in  it  to  the  end,  and  gave  to  the  world  the  fruits  at  bia  labor  in  hia 
'  Expcriinfiitul  Researcht's  in  Eleftricity.' 

He  never  obtained  from  the  world  the  mat«mt  reward  tar  hi*  lalKT. 
but  died  a  poor  man,  who  had  enriched  the  world. 

We  stand  at  an  important  epoch  in  the  hisloi-y  of  onr  ecJence.  We 
have  gone  far  enough  into  its  practical  applications  to  see  some  dis- 
tance into  the  future.  The  arc  light,  which  Davy  brought  into  promi- 
nence at  the  beginning  of  this  century,  fed  by  the  macbtneft  of  Faraday, 
blazee  throughout  the  night,  in  all  cities  of  the  world.  The  iiiranOe^ccnt 
light,  known  long  to  mentists,  has  been  improved  and  bids  fair  to  rival 
gas  in  eheapnese,  as  it  surpasses  it  in  beauty.  The  secondary-  battery 
discovered  by  Hitter  eighty  years  or  more  ago,  improved  by  Plmit^  an't 
Faure  in  recent  tinim,  still  stniggles  to  fill  the  place  assigned  to  it,  to  In- 
replaced  by  one  before  long  which  shall  not  waste  fifty  per  cent  of  the 
power  given  to  it,  and  weigh  tons  for  a  few  foot-pounds  of  energy  stored 
up.  We  see  it  in  its  new  fonri  replacing  the  laboring  horses  in  the 
streetB,  and  ser\'ing  in  many  cases  where  smaU  jwwer  is  needed.  But  tlic 
transmission  of  energj'  seems  to  me  to  open  one  of  the  widest  fields,  and 
the  time  is  not  verj-  distant  when  a  few  large  engines  will  replace  the 
numerous  small  ones  in  our  cities;  when  also  the  power  of  waterfalls  mny 
be  made  available  at  a  distance. 

The  principln  nf  tin?  telopbone  ul.so  is  destined  to  bear  unseen  fniil. 

There  is  work  for  all,  the  practical  and  theoretical  man  alike. 

The  jibtlosophcr,  ritiidying  the  problems  of  the  universe,  deems  himself 
rewarded  liy  some  new  fact  discovered,  some  new  law  demonstrated.  T> 
him  the  universe  is  ii  ]iriibletii  to  solve,  and  his  motto  is,  "  Scienw-  i- 
knowleilge." 

He  sees  before  him  the  ti'ue  whi^u  man's  insight  into  nature  shall  Ih' 
va.-^tly  increased,  and  esteems  the  science  of  to-day  as  but  an  atom  \« 
what  wo  shall  know  in  the  future.  While  not  despising  the  wealth,  ln' 
seldom  has  lime  for  its  acciiiuulalinn.  as  lie  considers  other  things  >'[ 
viL-lly  more  imponauce;  the  truth  is  what  be  seeks:  the  truth  as  to  tlii- 
wonderful  universe  in  whieli  we  live.  What  is  matter?  what  is  eiectric- 
ily,  what  is  the  im-diinu  which  transmits  liijht  from  one  point  to  an- 
other, how  comes  it  that  the  eurth  is  niiignetic?  These  are  some  of  the 
prolih'uis  be  is  frying  to  solve.  He  knows  that  one  man  can  do  luil  !itll>' 
toward  il,  cvmu  though  l;e  shoii!<!  surpnss  what   Faraday  has  done,  but 
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■        he  tnisU  to  the  combined  efforts  of  nmiikind,  shown  in  the  steady  prog- 
ress of  Bcience,  to  finally  arrive  at  a  solution. 

The  devotee  of  applied  science,  the  so-called  practical  man,  looks 
upon  the  forces  of  nature  a&  his  servants,  and  strives  to  become  their 
master.  The  world  must  move,  its  work  must  be  accomplished.  We 
are  not  satisfied  to  live  as  our  fathers  have  done,  and  we  must  have 
luxuries  unknown  to  (hem.  Our  thoughts  must  fly  in  the  farthest  jmrts 
of  the  earth  in  an  instant,  at  our  bidding,  and  we  muat  pass  from  point 
to  point  on  the  wings  of  the  wind,  for  flesh  and  blood  is  too  slow  for  iia. 
To  accomplish  this,  the  engineer  harnesses  the  forces  of  nature  and 
compels  them  to  work  for  him.  He  takes  the  discoveries  of  the  phil- 
osopher and  uses  them  for  the  prae.tieai  needs  of  daily  life.  His  uiotln 
is,  "  Science  is  power."  As  he  ministers  more  directly  to  the  present 
generation  of  mankind  than  to  the  generations  to  come,  as  does  the  phil- 
osopher, BO  he  often  reaps  his  reward  in  the  present,  and  retains  some 
of  that  wealth  which  his  inventions  bring  into  the  world.  For  the 
source  of  the  wealth  of  the  world  is  labor,  and  the  labor  of  the  forces 
of  nature,  in  our  behalf,  surpasses  very  many  fold  that  of  human  Qesh 
and  blood.  He  who  adds  but  the  slightest  to  our  power  over  these 
forces  enriches  the  world,  and  is  entitled  to  its  practical,  as  well  as  its 
sentimental  gratitude,  be  he  philosopher  or  engineer.  The  great  ques- 
tion which  we  should  ask  ourselves  is  how  our  science  can  beet  be  fur- 
thered. The  philosopher  must  precede  the  engineer.  To  have  the  ap- 
plications of  electricity,  there  must  be  a  science  of  electricity-  This 
science  cannot  depend  for  its  existence  on  practical  men  whose  minds 
are  engrossed  with  other  than  theoretical  problems.  It  must  exist  in 
minds  like  Faraday,  which  are  specially  adapted  to  its  reception  and 
advancement — men  who  are  wilhng  to  devote  their  lives  to  it,  and  who 
have  the  ability  to  further  it.  We  cannot  create  such  men,  but  we  can 
give  them  our  practical  as  well  as  our  sentimental  sympathy,  when 
found.  The  philosopher  is  made  of  flesh  and  blood  as  well  as  other 
men.  He  must  live  and  have  his  tastes  gratified  as  well  aa  otliere. 
His  plaeo  in  the  world  as  at  present  constituted  is  usually  that  of  a  pro- 

»fes3or  ill  our  universities  and  colleges.  Are  only  men  like  Faraday 
chosen  for  these  positions?  Of  the  four  hundred  or  more,  huw  many 
choose  their  professors  on  account  of  their  eminence  in  theoretical 
science?  Are  there  a  dozen?  I  doubt  it.  Furthermore,  what  facilities 
and  encouragement  would  they  have  in  these  institutions  to  do  work? 
Too  far  away  from  each  other  to  be  a  mutual  help,  they  have  but  an 
^      incomplete  scientific   life.     Farudiiy   rniild   not  have   been   himself  in 
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Africa  and  wouJd  have  languished  in  our  own  coimiry.  In  London,  Id 
contact  with  the  science  of  Europe  and  encouraged  by  Hb  atmosphere, 
with  the  Royal  Society  at  which  to  announce  his  diecoverieB  and  the 
Rnyai  Institution  in  which  to  make  them,  Faraday,  in  spite  of  poor 
education,  was  stimulated  to  his  best  efforls.  Ahme  in  one  of  our  iso- 
lated colleftes,  cut  off  from  intercourse  with  the  reet  of  the  world  hy  a 
so-called  protective  duty  on  his  verj'  life,  books,  with  no  journal  spe- 
cially devoted  to  theoretic  physics,  and  no  society  like  the  Royal  Society, 
who  can  say  whether  his  discoveries  would  have  been  made  or  not?  The 
endowment  of  reeearch  seems  to  me  to  offer  the  best  means  out  of  the 
difficulty.  Let  professorshipt  he  endowed  nnd  funds  to  ^lay  tlie  expenses 
of  appamtUB  and  assistants  be  formed  in  onr  nnivprsitics,  with  th*-  uihIt- 
standing  that  the  research  is  to  be  the  princijMil  work;  work,  while  teach- 
ing is  not  to  be  neglected.  The  result  wDl  be  the  formation  of  a  acien- 
titic  atmosphere  in  which  men  like  I'araday  can  live  and  lulmr.  and  the 
dry  bones  of  the  pedagogue  he  replaced  hy  the  fire  and  life  of  the  orig- 
inal investigator.  And  let  not  practical  science  be  neglected-  Let  us 
have  scientific  schools  of  the  highest  grade,  where  modern  science  is 
taught,  sn  that  fifty  years  shall  not  again  pass,  as  it  has  done,  before  a 
discovery  like  that  of  Faraday  is  utilized. 

Furthermore,  let  us  have  scientific  societies  and  clubs  like  the  pres- 
ent, where  men  of  like  tastes  can  meet  and  interchange  ideaa. 

Thus  we  meet  together  to-night,  electricians  all,  practical  and  Uieo- 
rfticnl,  at  a  time  in  the  history  of  our  science  and  of  the  world  which 
will  ill  future  li.'  vMv}  tlio  hc^'iiiuin;:  of  the  age  nf  electricity. 

The  feeble  ntlraction  of  tlie  nnibi-r  lia*  hecome  a  mighty  force,  which 
i-;  destined  to  make  itself  (r\[.  iiml  it  i?  fo  he  hoped  that  our  mutual  in- 
L'tvoiirsv  in  ilii<  <-|iil>  iiiiiv  .lid  11^  all  in  .nu-  utTurts  to  make  an  impr,'^s 
oil  its  iutiiru  history. 


ON  MODERN"  VIEWS  WITH  RESPECT  TO  ELECTRIC 
CURRENTS 


iTrnniia<'(i<».j.  of  tht  Jmericon  batituit  of  Elecincal  Engtmert,  VI,  34^-357,  IBSII] 

Afi,  a  short  time  gince,  I  stood  in  a  library  of  scieatiiic  books  aad 
glanced  uround  me  at  Uie  works  of  tlie  great  masters  in  physics,  my  mind 
wandered  back  to  the  time  when  the  apparatus  for  a  complete  course 
of  lectures  on  the  subject  cf  electricity  consisted  of  a  piece  of  amber 
and  a  few  light  bodiee  to  be  attracted  by  it.  From  that  time  until 
now,  when  we  stand  in  a  magnihceut  laboratory  with  elaborate  and 
costly  apparatus  in  great  part  devoted  to  its  study,  how  greatly  has  the 
world  changed  and  Jiow  our  science  of  electricity  has  expanded  both  in 
theory  and  practice  until,  in  the  one  case,  it  threatens  to  include  within 
itself  nearly  the  whole  of  physics,  and  in  the  other  to  make  this  the  age 
of  electricity. 

Were  I  to  trace  the  history  of  the  viewB  of  physicists  with  respect 
to  electric  currents  it  would  include  the  whole  history  of  electricity. 
The  date  when  the  conception  of  an  electric  current  was  possible  was 
when  Stephen  Gray,  about  ITO  years  ago,  first  divided  bodies  into  con- 
ductors and  non-conductors,  and  showed  that  the  first  possessed  the 
property  of  transmitting  electrical  attractions  to  a  distance.  But  it 
WSB  only  when  the  Leyden  jar  was  discovered  that  the  idea  of  a  current 
Itecame  very  definite,  The  notion  that  electricity  was  a  subtle  fluid 
•■hich  could  flow  along  metal  wires  as  water  flows  along  a  tube,  was 
then  prevalent,  and,  indeed,  remains  in  force  to-day  among  all  ex- 
cept the  leaders  in  scientiflc  thought.  It  ia  not  my  intention  io  depre- 
ciate this  notion,  which  has  served  and  still  serves  a  verv'  important  pur- 
pose in  science.  But,  for  many  years,  it  has  been  recognized  that  it  in- 
cludes only  a  very  small  portion  of  the  truth  and  that  the  mechanism  by 

*hich  energy  is  transmitted  from  one  point  of  space  to  another  by  means 

fan  electric  current  is  a  very  complicated  one. 
Here  for  instance,  on  the  table  before  me  are  two  rubber  tubes  filled 

ith  water,  in  one  of  which  the  water  ia  in  motion,  in  the  other  at  rest. 

;  is  impossible,  by  any  means  now  known  to  us,  to  find  out,  without 

loring  the  tubes,  which  one  has  the  current  of  water  flowing  in  it  and 


654 


IIe-vry  a.  Rowland 


which  has  the  water  at  rest,     Again,  I  have  here  two  wires,  alik«  id  til 

respects,  except  that  one  has  a  current  of  electricity  flowing  in  it  and 
the  other  has  not.  But  in  this  case  I  have  only  to  bring  a  magnetic 
needle  near  the  two  to  find  out  in  which  one  the  ciirrent  is  flowing.  On 
our  ordinai-T,-  sense  the  passage  of  the  current  has  little  effect;  tho  air 
around  it  does  not  turn  green  or  the  wire  change  in  appearance.  Bui 
we  have  only  to  change  our  mediuin  from  air  to  one  containing  magneiii: 
particles  to  perceive  the  commotion  which  the  pr^ience  of  a  current 
may  cause.  Thus  this  other  wire  passes  through  the  air  near  a  lar^ 
number  of  small  suspended  magnets,  and,  as  I  pass  the  current  through 
it.  every  magnet  is  affected  and  tends  to  turn  at  right  angles  to  the  wire 
and  even  lo  move  toward  it  and  wrap  itflclf  around  it.  If  we  suppose 
the  numher  of  these  magnets  to  become  very  great  and  their  size  small, 
or  if  we  imagine  a  medium,  even,-  atom  of  which  is  a  magnet,  we  -(^e  that 
no  wire  carrying  a  current  of  electricity  can  pass  through  it  without 
creating  the  greatest  commotion.  Possibly  this  is  a  feeWe  picture  of 
what  takes  place  in  a  mass  of  iron  near  an  electric  current. 

Again,  coil  the  wire  around  a  piece  of  glass,  or  indeed,  almost  any 
transparent  substance,  and  pass  a  strong  current  through  the  wire. 
With  our  naked  eye  alone  we  can  see  no  effect  whatever,  as  the  glass  is 
apparently  unaltered  by  the  presence  of  the  current;  but,  examined  in 
the  proper  way,  by  means  of  polarized  light,  we  see  that  the  structore  of 
tlie  glass  has  been  altered  throughout  in  a  manner  which  can  only  U* 
explained  by  the  rotation  of  something  within  the  glass  many  railliona 
of  limpi;  every  second. 

Once  more,  bring  ii  wire  in  wiiich  no  current  exists  nearer  and  nearer 
t..  th.-  .me  carrying  tlic  <iini>nt.  and  w..  sliall  find  that  its  motion  in  sncii 
a  neighborhood  causes  or  tends  to  cause  an  electric  current  in  it.  Or.  if 
we  move  a  large  solid  mass  of  metal  in  the  neighborhood  of  such  a  cur- 
rent wc  lind  a  peculiar  resistance  unfelt  before,  and  if  we  force  it  into 
motion  we  shall  perceive  thai  it  hecomes  wanner  and  warmer  as  if  there 
was  great  friction  in  moving  the  mct;il  through  space. 

Tims,  l.v  tlicsc  tcsls.  «.•  find  that  tho  region  around  an  eleclric  .ur- 
rrnt  has  vi>rv  pwiilinr  iiropcrtlci  «liicli  it  did  not  have  before,  and 
v.hicli.  allliouL'li  ^trouL'^T  ill  thi-  ui'i^'hliorliood  of  the  current,  still  pn- 
lili-  distances  in   all   directions,  becoming  weiikcr  as  the 
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cut  of  water  and  a  cur- 
'onfiued  to  the  interior 
iireat  distances  on  all 
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P  sides,  the  whole  of  space  being  agitated  by  the  formation  of  an  electric 
'  current  in  any  part.  To  show  this  agitation,  I  have  here  two  large 
frames  with  coils  of  wire  around  them.  They  hang  face  to  face  about 
6  feet  apart.  Through  one  I  discharge  this  Leyden  jar,  and  immediately 
you  see  a  spark  at  a  break  in  the  wire  of  the  other  coil,  and  yet  there  ia 
no  apparent  connection  between  the  two.  I  can  carry  the  coils  50  feet 
■or  more  apart,  and  yet  by  suitable  means  I  can  observe  the  disturbances 
due  to  the  current  in  the  first  coil. 

The  question  is  forced  npon  ub  as  to  how  thie  action  lakes  place.  How 
w  it  possible  to  transmit  so  much  power  to  such  a  distance  across  appar- 
ently unoccupied  space?  According  to  our  modem  theory  of  physics 
Ihere  must  be  some  medium  engaged  in  this  transmission.  We  know 
thftt  it  is  not  the  air,  because  the  same  effects  take  place  in  a  vacuum, 
■nd,  therefore,  we  must  fall  back  on  that  medium  which  transmits  light 
and  which  we  have  named  the  etiier.  That  medium  which  is  supposed 
to  extend  unaltered  throughout  the  whole  of  space,  whose  e-tistence  is 
very  certain  but  whose  properties  we  have  yet  but  vaguely  conceived. 

I  cannot,  in  the  course  of  one  short  hour,  give  even  an  idea  of  the 
process  by  which  the  minds  of  physicists  have  been  led  to  thia  eoneluaion 
IT  the  means  by  which  we  have  finally  completely  identified  the  ether 
which  transmits  light  with  the  medium  which  transmits  electrical  and 
ictic  disturbances.  The  great  genius  who  first  identified  the  two  is 
uwell,  whose  electro-magnetic  theory  of  light  is  Ihe  centre  around 
*hich  much  scientific  thought  is  to-day  revolving,  and  which  we  regard 
IB  one  of  the  greatest  steps  by  which  we  advance  nearer  to  tiie  nnder- 
ftanding  of  matter  and  its  laws.  It  is  this  great  discover)'  of  Maxwell 
•hifh  allows  me,  at  the  present  time,  to  attempt  to  explain  to  you  the 
Wnderful  events  which  happen  evei7where  in  space  when  one  estab- 
lilies  an  electric  current  in  any  other  portion. 

bi  the  first  place,  we  discover  that  the  dleturbanee  does  not  take  place 

In  ill  portions  of  space  at  once,  hut  proceeds  outwards  from  the  centre 

•(  tlie  disturbance  with  a  velocity  exactly  e^jual  t-o  the  velocity  of  light. 

,&that,  when  I  touch  these  wires  together  so  as  to  complete  the  circuit 

<  yonder  battery.  T  stajt  a  wave  of  ethereal  disturbance  which  passes 

wards  with  a  velocity  of  18.5,000  miles  per  second,  thus  reaching  the 

in  about  eight  minutes,  and  continues  to  pass  onwards  forever  or 

^  it  reaches  the  bounds  of  the  universe.    And  yet  none  of  our  senses 

s  of  what  bos  taken  place  unless  we  sharpen  them  by  the  use  of 

i  'fible  instmments.     Thus,  in  the  case  of  these  two  coils  of  wire,  sus- 

3ed  near  each  other,  which  we  have  already  used,  when  the  i 
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from  the  primary  disturbance  reaches  the  second  coil,  we  peroeive  the 
disturbance  by  means  of  the  spark  formed  at  the  break  of  the  coil. 
Should  I  move  the  coils  further  apart,  the  spark  in  the  second  coil  would 
be  somewhat  delayed,  but  the  distaace  of  185,000  milcB  would  be  neees- 
sary  before  this  delay  could  amount  to  as  much  aa  one  second.  Hence 
the  effects  we  observe  on  the  ea,rth  take  place  so  nearly  instaiitaneoualy 
that  the  interval  of  time  is  very  difficult  to  measure,  amounting,  in  the 
present  case,  to  only  ^^j^,^t^  of  a  second. 

It  is  impossible  for  me  to  prove  the  oxistonce  of  this  interval,  but  I 
can  at  least  show  you  that  waves  have  something  to  do  with  the  action 
here  observed.  For  instance,  I  have  here  two  tuning  forks  mounted  on 
sounding  bo.\es  and  tuned  to  exact  unison.  I  sound  one  and  then  stop 
its  vibrations  with  my  hand,  instantly  you  hear  that  the  other  is  in  vibra- 
tion, caused  by  the  waves  of  sound  in  the  air  between  the  two.  When. 
however,  I  destroyed  the  unison  by  fixing  this  piece  of  wax  on  one  of  the 
forks,  the  action  ceases. 

Now,  this  combination  of  a  coil  of  wire  and  a  Leyden  jaj  is  a  vibrating 
system  for  electricity  and  its  time  of  vibration  is  about  lO.OOO.OO'l 
times  a  second.  This  second  system  is  the  same  as  the  first,  and  there- 
fore its  time  of  vibration  is  the  same.  You  see  how  well  the  experiment 
works  now  because  the  two  are  in  unison.  But  let  me  take  away  this 
second  Leyden  jar,  thus  destroying  the  unison,  and  you  see  that  the 
sparks  instantly  cease.  Replacing  it,  the  sparks  reappear.  Adding  an- 
other on  one  side  and  they  disappear  again,  only  to  reappear  when  the 
syslcni  is  made  symiuetricjil  by  placing  two  on  each  side. 

Tliis  cx|ii'rimciit  and  tlint  of  the  lulling  fork*  have  an  exact  analogy 
to  one  anotlici'.  In  each  wo  have  two  vibrating  systems  connected  bv  a 
iMi-dium  Ciipiililo  of  transmitting  vibrations,  and  they  both  come  under 
tlic  bcii'l  of  what  we  know  as  sympathetic  vibrations.  In  the  one  case, 
wo.  have  two  mociianioal  tuning  forks  ooiincctod  by  the  air:  in  the  other, 
two  pieces  of  apparatus  which  we  might  call  electrical  tuning  forks,  con- 
nected by  the  Imiiiiiiferous  rllier.  The  vibrations  in  one  case  can  be 
>^een  by  the  eye  or  heard  by  the  oar.  but  in  the  other  case  they  can  only 
be  perceived  when  we  destroy  them  by  making  them  produce  a  spark. 
The  fact  that  we  are  iblc  U  increase  the  effect  by  proper  tuning  dem- 
onstrates that  vilirations  are  concerned  in  the  phenomenon.  This  can. 
however,  be  separately  demonstrated  by  examining  the  spark  by  mean; 
of  a  revolving  mirror,  when  we  find  that  it  is  made  up  of  many  succes- 
sive sparks  corresponding  to  ihe  sitece?sivc  backward  and  forward  move- 
ments oT  the  current. 
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The  fact  of  the  oscillatory  character  of  the  Leyden  jar  discharge  was 
first  demonstrated  by  our  own  countryman,  Henry,  in  1832,  but  he  pur- 
sue'! the  subject  only  a  short  distance,  and  it  remained  for  Sir  William 
Thomson  to  give  the  mathematical  theory  and  prove  the  lawa  according 
to  which  the  phenomenon  takes  place. 

Thus,  in  the  case  of  a  charged  Leyden  jar  whose  inner  and  outer  coat- 
ings have  been  suddenly  joined  by  a  wire,  the  electricity  flows  back  and 
forth  along  the  wire  until  all  the  energj'  originally  stored  up  in  the  jar 
has  expended  itself  in  heating  the  wire  or  the  air  where  the  spark  takes 
and  in  generating  waves  of  disturbance  in  the  ether  which  move 
outward  into  space  with  the  velocity  of  light.  These  ethereal  waves  we 
hsve  demonstrated  by  letting  them  fall  on  this  coil  of  wire  and  causing 
the  electrical  disturbance  to  manifest  itself  by  electric  sparks, 

I  have  here  another  more  powerful  arrangement  for  producing  electro- 
magnetic waves  of  very  long  wave-length,  each  one  being  about  500 
miles  long.     It  consists  of  a  coil,  within  which  is  a  bundle  of  iron  wires. 
On  passing  a  powerful  alternating  current  through  the  coil,  the  iron 
wires  are  rapidly  magnetized  and  demagnetized,  and  send  forth  into 
Ipace  a  system  of  electro-magnetic  waves  at  the  rate  of  360  in  a  second. 
Here,  also,  I  have  another  piece  of  apparatus  [a  lamp]  for  sending 
It  the  same  kind  of  electro-magnetic  waves;  on  applying  a  match,  we 
rtirt  it  into  action.     But  the  last  apparatus  is  tuned  to  so  high  a  pitch 
■that  the  waves  are  only  yrainr  ^^^^  ^°^?'  """i  55,000,000.000,000  are 
'given  out  in  one  second.     These  short  waves  are  known  by  the  name  of 
'light  and  radiant  heat,  though  the  name  radiation  is  more  exact.     Plac- 
ing any  body  near  the  lamp  so  tliat  the  radiation  can  fall  on  it,  we  ob- 
aerve  that  when  the  body  absorbs  the  rays  it  is  heated  by  them;    the 
»eIl-known  property  of  so-called  radiant  heat  and  light.     Is  it  not  pos- 
Bl)Ie  for  us  to  get  some  substance  to  absorb  the  long  waves  of  disturb- 
!e,  and  so  obtain  a  heating  effect?     I  have  here  such  a  substance  in 
he  ehape  of  a  sheet  of  copper,  which  I  fasten  on  the  face  of  a  thermo- 
uie,  and  I  hold  it  where  the  waves  are  the  strongest  [near  the  coil  while 
be  alternating  current  is  passing  through  it].     As  I  have  anticipated, 
[Peat  heat  is  generated  by  their  absorption,  and  soon  the  plate  of  copper 
tcomee  very  warm,  as  we  see  by  this  thermometer,  by  feeling  it  with 
!UB  hand,  or  even  by  the  steam  from  water  thrown  upon  it.     In  this  ex- 
iment  the  copper  has  not  touched  the  coil  or  the  iron  wire  core, 
hough  if  it  did  they  are  very  much  cooler  than  itself.     The  heat  has 
en  produced  by  the  absorption  of  t!ie  waves  in  the  same  way  as  a 
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blackened  body  absorbs  tlie  rays  of  diorter  wave-length  from  the  lamp; 
and,  in  both  casee,  heat  is  the  result.' 

But  in  this  experiment,  as  in  the  first  one,  the  wave-like  nature  of  the 
disturbance  has  not  been  proved  experimentally.  We  have  caused  elec- 
tric sparks,  and  have  heated  the  copper  plate  across  an  interval  of  space, 
but  have  not  in  either  of  these  cases  proved  experimentany  the  progres- 
sive nature  o(  the  disturbance;  for  a  ready  means  of  experimenting  on 
the  waves,  obtaining  their  wave-length  and  showing  their  interferences, 
ha£  hitherto  been  wanting.  This  deficiency  has  been  recently  overcoiiie 
by  Professor  Hertz,  of  Carisruhe,  who  has  made  a  study  of  the  action  of 
the  coil,  and  has  shown  us  how  to  use  it  for  experiments  on  the  ethereal 
waves,  whose  existence  had  before  been  made  certain  by  the  mathemat- 
ics of  Maxwell, 

I  scarcely  know  how  to  present  this  subject  to  a,  non-technical  audience 
and  make  it  clear  how  a  coil  of  wire  with  a  break  in  it  can  be  used  to 
measure  the  velocity  and  wave-lengths  of  ethereal  waves.  However,  I 
can  but  try.  If  the  waves  moved  very  slowly,  we  could  readily  measure 
the  time  the  first  coil  took  to  affect  the  second,  and  show  that  this  time 
was  longer  as  the  distance  was  greater.  But  it  is  absolutely  inapprecia- 
ble by  any  of  our  instruments,  and  another  method  must  be  found.  To 
obtain  the  wave-length  Professor  Hertz  used  several  methods,  but  that 
by  the  formation  of  stationary  waves  is  the  moat  easily  grasped.  Mr. 
Ames  holds  in  his  hand  one  end  of  a  spiral  spring,  which  makes  a  very 
heavy  and  flexible  rope.  As  he  sends  a  wave  down  it,  you  see  that  it  is 
reflected  at  Ibi'  furtbi-r  end,  iiiid  returns  ugain  to  his  hand.  If,  how- 
ever. ln>  send;;  ,1  Miccession  of  waves  down  the  rope,  the  reflected  wa\es 
inlfrfere  with  the  direct  niic;;,  and  divide  the  rope  into  a  succession  of 
nodes  and  loops,  which  you  now  observe.  So  a  series  of  sound  waves, 
striking  on  a  wall,  form  a  iiysteni  of  stationary  waves  in  front  of  the  wall. 
With  this  ill  view.  Profci^-ior  Hertz  established  his  apparatus  in  front  of 
a  refli'(tinir  wiill.  nud  oiiservcd  the  nodes  and  loops  by  the  sparks  pro- 
duced in  !i  ring  of  wire,  ft  i.s  impossible  for  me  to  repeat  this  experi- 
ment bi-rnrc  you.  us  it  is  ji  wry  di'liciile  one,  and  the  siwirks  produced  are 
almost  uiii-roscopic.  Indeed.  I  shonld  have  to  erect  an  entirely  difFer- 
■•nt  ii|i|iiiratus.  ns  the  waves  from  the  one  before  me  are  nearly  J  mile 
louff.  llic  time  of  vibration  of  the  system  being  very  great,  that  i-- 
TTiuri'osjT,    of  n  ^e(oll,l.      To  |,r"aiM-,-  shorter  waves  wo  must  use  ap].ii- 
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ratns  tuned,  as  it  were,  to  a  higher  pitch,  in  which  the  same  principle  is, 
however,  employed,  but  the  ethereal  waves  are  shorter,  and  thus  several 
stationary  waves  can  be  contained  in  one  room. 

The  testing  coil  is  then  moved  to  different  portions  of  the  room,  and 
the  nodes  are  indicated  by  the  disappearance  of  the  sparks,  and  the 
loops  by  the  greater  brightness  of  them.  The  presence  of  stationary 
waves  is  thus  proved,  and  their  half  wave-length  found  from  the  dis- 
tance from  node  to  node,  for  stationary  waves  can  always  be  considered 
tt  produced  by  the  interference  of  two  progressive  waves  advancing  in 
opposite  directions. 

However  interesting  a  further  description  of  Professor  Hertz's  experi- 
ments may  be,  we  have  gone  as  far  in  that  direction  as  our  subject  car- 
ries us,  for  we  have  demonstrated  that  the  production  of  a  current  in  a 
wire  is  accompanied  by  a  disturbance  in  the  surrounding  space;  and, 
although  I  have  not  experimentally  demonstrated  the  ethereal  waves,  yet 
I  have  proved  the  existence  of  electric  oscillations  in  the  coils  of  wire 
iikd  the  ether  surrounding  it. 

Our  mathematics  has  demonstrated,  and  experiments  like  those  of 
Professor  Hertz  have  confirmed  the  demonstration,  that  the  wave  dis- 
turbance in  the  ether  is  an  actual  fact. 

The  closing  of  a  battery  circuit,  then,  and  the  establishment  of  a  cur- 
Wot  of  electricity  in  a  wire  is  a  very  different  process  from  the  forma- 
tkm  of  a  current  of  water  in  a  pipe,  though,  after  the  first  shock,  the 
hwB  of  the  flow  of  the  two  are  very  much  alike.  But  even  then,  the 
Bedium  around  the  current  of  electricity  has  very  strange  properties, 
Aowing  that  it  is  accompanied  by  a  disturbance  throughout  space.  The 
trire  is  but  the  core  of  the  disturbance,  which  latter  extends  indefinitely 
hm  directions. 

One  of  the  strangest  things  about  it  is  that  we  can  calculate  with  per- 

fcct  exactness  the  velocity  of  the  wave  propagation  and  the  amount  of 

hfte  disturbance  at  every  point  and  at  any  instant  of  time;  but  as  yet  we 

pmnot  conceive  of  the  details  of  the  mechanism  which  is  concerned  in 

^propagation  of  an  electric  current.  In  this  respect  our  subject  resem- 

all  other  branches  of  physics  in  the  partial  knowledge  we  have  of  it. 

know  that  light  is  the  undulation  of  the  lurainiferous  ether,  and  yet 

constitution  of  the  latter  is  unknown.     We  know  that  the  atoms  of 

liter  can  vibrate  with  purer  tones  than  the  most  perfect  piano,  and 

c  we  cannot  even  conceive  of  their  constitution.     We  know  that  the 

n  attracts  the  planets  with  a  force  whose  law  is  known,  and  yet  we 

1  to  picture  to  ourselves  the  process  by  which  it  takes  our  earth  within 
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iU  grasp  at  the  distance  of  many  millions  of  miles  and  prerents  it  from 
departing  forever  from  its  life-giving  rays.  Science  is  full  of  this  half 
knowledge,  and  the  proper  attitude  of  the  mind  is  one  of  reaigna-tion 
toward  that  which  it  is  impotsihlo  for  ub  to  know  at  present  and  of  ear- 
nest striving  to  help  in  the  advance  of  our  science,  which  shall  finally 
allow  us  to  answer  all  these  questions. 

The  electric  current  is  an  unsolved  mystery,  but  we  have  made  a  very 
great  advance  in  underetanding  it  when  we  know  that  we  must  look  out- 
side of  the  wire  at  the  disturbance  in  the  medium  before  we  pan  under- 
stand it:  a  view  which  Faraday  dimly  held  fifty  years  ago,  which  wa,- 
given  in  detail  in  the  great  work  of  Maxwell,  published  sixteen  year* 
since,  and  has  been  the  guide  to  most  of  the  work  done  io  electriciiv 
for  a  very  long  time.  A  view  which  has  wrought  the  greatest  ehansv* 
in  the  ideas  which  we  have  conceived  with  respect  to  all  electrical 
phenomena. 

So  far,  we  have  considered  the  case  of  alternating  electric  current  in 
a  wire  connecting  the  inner  and  outer  coatings  of  a  Leyden  jar.  The 
invention  of  the  telephone,  by  which  sound  is  carried  from  one  point  to 
another  by  means  of  electrical  waves,  has  forced  into  prominence  the 
subject  of  these  waves.  Furthermore,  the  use  of  alternating  current? 
for  electric  lighting  brings  into  play  the  same  phenomenon.  Here, 
again,  the  difference  between  a  current  of  water  and  a  current  of  elec- 
tricity is  very  marked.  A  sound  wave,  traversing  the  water  in  the  tube, 
produces  a  to  and  fro  current  of  water  at  any  given  point.  So,  in  the 
clcc-trifiil  vibration  jiloiij;  a  wire,  the  oloctricity  moves  to  and  fro  ali-iiL.' 
it  in  a  manner  somewhat  similar  to  the  water,  but  with  this  dii!ereneo;— 
the  disturbance  from  the  water  motion  is  confined  to  the  tube  and  the 
OMilliition  of  the  water  is  greatest  in  the  centre  of  the  tube,  while,  in 
tho  case  of  the  electric  current,  tiio  ether  around  the  wire  is  disturbed 
and  Ihc  nseillation  nf  the  current  is  greatest  nt  the  surface  of  the  win.' 
anrl  least  in  Ha  centre.  The  oscilliitinns  in  the  water  take  place  in  tho 
tube  without  reference  to  the  matter  outsifle  the  tube,  whereas  tlie  eloe- 
trie  o-fillations  in  the  wire  are  entirely  dependent  on  the  surrounding 
space,  and  the  velocity  of  the  propapitinn  is  nearly  independent  of  the 
niitiire  nf  the  wire,  jirovided  only  that  it  is  n  good  conrluctor. 

We  liave,  then,  in  the  case  of  electrieal  waves  along  a  wire,  a  disturb- 
ance outside  the  wire  and  a  current  within  it,  and  the  equations  of 
Maxwrll  allow  us  to  ealenl.ate  these  with  perfect  accuracy  and  give  all  the 
laws  with  respect  to  tliem. 

We  thus  fn„l  th;it  the  velocity  of  |iru|.af;ation  of  the  waves  along  a 
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wire,  hung  far  away  from  other  bodies  and  made  of  good  conducting  ma- 
terial, is  that  of  light,  or  185,000  miles  per  second;  but  when  it  is 
hung  near  anj  conducting  matter,  like  the  earth,  or  incloeed  in  a  cable 
and  simk  into  the  sea,  the  velocity  becomes  much  lesa.  When  hung  in 
epoee,  away  from  other  bodies,  it  forms,  as  it  were,  the  core  of  a  system 
of  waves  in  the  ether,  the  amplitude  of  the  disturbance  becoming  less 
and  let«  as  we  move  away  from  the  wire.  But  the  most  curious  fact  is 
that  the  electric  current  penetrates  only  a  short  distance  into  the  wire, 


\ 

\ 
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J  mostly  confined  to  the  surface,  especially  where  the  number  of 
tions  per  second  is  very  great, 

B  electrical  waves  at  the  surface  of  a  conductor  are  thus,  in  some 
,  very  similar  to  the  waves  on  the  surface  of  the  water.  The 
est  motion  in  the  latter  case  is  at  the  surface,  while  it  diminishes 
!  pass  downward  and  soon  becomes  inappreciable.  Furthermore, 
R  depth  to  which  the  disturbance  penetrates  into  the  water  increases 
b  increase  of  the  length  of  the  wave,  being  confined  to  very  near  the 
If  for  very  short  waves.  So  the  disturbanee  in  the  copper  pene- 
^eper  as  the  waves  and  the  time  of  oscillation  are  longer,  and  the 
;  la  more  nearly  confined  to  the  surface  as  the  waves  become 
I  have  recently  made  the  complete  caJcuIationa  with  respect 
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to  these  waves,  and  liave  drawn  some  diiigraiDs  to  illustrate  the  jienol! 
tion  of  the  alternatiDg  current  into  metal  cylinders.     'Hie  first  dtagn 
represents  the  current  at  different  depths  in  a  copper  cylinder,  45  c 
<iiaineler,  or  an  iron  one  14*  em.  diameter,  traversed  by  an  alterostin^ 
current  with  200  reversals  per  second.     The  first  and   geoood  eurres 
show  us  the  current  at  two  different  instants  of  time,  and  show  ua  how 
Ihe  phase  changes  as  we  pass  downward  into  the  cylinder.     By  reference 
to  the  third  curve  we  see  that  it  may  be  even  in  the  opposite  direction  in 
the  centre  of  the  cylinder  from  what  it  is  at  the  surface.     The  thirr! 
curve  gives  us  the  amplitude  of  the  current  oacillations  at  clifTereni 
depths  irrespective  of  the  phase,  and  it  shows  us  that  the  current  at  thr 


centre  is  only  about  10  per  cent  of  that  at  the  surface  in  this  caw.  The 
second  diagram  shows  us  tiie  distribution  in  the  same  cylinders  who  '"* 
number  of  reversals  of  the  current  is  increased  to  1800  per  second.  ^^ 
we  see  that  the  disturbance  is  almost  entirely  confined  to  the  gurfsw. '"'' 
at  a  depth  of  only  7  mm.  tlie  disturbance  almost  entirely  vanisho- 

There  are  very  many  ])ractica]  applications  of  these  theoretical  fWUi" 
for  electric  currents.  The  most  obvious  one  is  to  the  case  ot  eondflc"** 
for  the  alternating  currents  used  in  producing  the  electric  light-  "' 
find  that  when  these  are  larger  than  about  half  an  inch  diami^ur'^ 
should  he  replaced  by  a  number  of  conductors  less  than  half  a"  "" 
diameter,  or  by  strips  about  a  quarter  of  an  inch  thick,  and  of  uj  ** 
venieni  width.  But  this  is  a  matter  to  be  attended  lo  by  the  el«f 
light  companies. 

Pnif.  Oliver  J.  Lodge  has  recently,  in  the  British  Aasiraation, '■'■* 
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attention  to  the  application  of  these  results  to  lightning  rods.     Almost 
since  the  time  of  Franklin  there  have  been  those  who  advocated  the 
making  of  lightning  rods  hollow,  to  increase  the  surface  for  a  given 
amount  of  copper.    We  now  know  that  these  persons  had  no  reason  for 
their  belief,  as  they  simply  drew  the  inference  from  the  fact  that  elec- 
tricity at  best  is  on  the  surface.     Neither  were  the  advocates  of  the  solid 
Tods  quite  correct,  for  they  reasoned  from  the  fact  that  electricity  in  a 
«tate  of  steady  flow  occupies  the  whole  area  of  the  conductor  equally. 
The  true  theory,  we  now  know,  indicates  that  neither  party  was  entirely 
correct  and  that  the  surface  is  a  very  important  factor  in  the  case  of  a 
current  of  electricity  so  sudden  as  that  from  a  lightning  discharge.   But 
increase  of  surface  can  best  he  obtained  by  multiplying  the  number  of 
oonducfors,  rather  than  making  them  flat  or  hollow;  and,  at  the  same 
time,  Maxwell's  principle  of  enclosing  the  building  within  a  cage  can  be 
carried  out.     Theory  indicates  that  the  current  penetrates  only  one- 
tenth  the  distance  into  iron  that  it  does  into  copper.     As  the  iron  has 
seven  times  the  resistajice  of  copper,  we  should  need  70  times  the  sur- 
face of  iron  that  we  should  of  copper.     Hence  1  prefer  copper  wire 
about  a  quarter  of  an  inch  diameter  and  nailed  directly  to  the  house 
without  insulators,  and  passing  down  the  four  corners,  around  the  eaves 
and  over  the  roof,  for  giving  protection  from  lightning  in  all  cases  where 
4  metal  roof  and  metal  down  spouta  dcyiot  accomplish  the  same  purpose. 
Whether  the  discharge  of  lightning's  oscillatory  or  not  does  not  enter 
into  the  question,  provided  it  is  only  sufficiently  sudden.     I  have  re- 
cently solved  the  mathematical  problem  of  the  electric  oscillations  along 
a  perfectly  conducting  wire  joining  two  infinite  and  perfectly  conducting 
planes  parallel  to  each  other,  and  find  that  there  is  no  definite  time  of 
otcillation.  but  ttiat  the  system  is  capable  of  vibrating  in  any  time  in 
'rtieh  it  is  originally  started.     The  case  of  lightning  between  a  cloud  of 
ited  extent  and  the  earth  along  a  path  through  the  air  of  great  re- 
is  a  very  different  problem.     Both  the  cloud  and  the  path  of  the 
ity  are  poor  conductors,  which  tends  to  lengthen  the  time.     If  I 
led  on  to  estimate  as  nearly  as  possible  what  took  place  in  a  flash 

^ pjtning.  T  would  say  that  I  did  not  believe  that  the  discharge  was 

flirays  oscillating,  but  more  often  consisted  of  one  or  more  streams  of 
fl«ctridty  at  intervals  of  a  small  fraction  of  a  second,  each  one  continu- 
Ogfornot  less  than  iftn'flaii  second.  An  oscillating  current  with  100.000 
•rereals  per  second  would  pentetrate  about  ^rV  inch  into  copper  and  ^ 
Wch  into  iron.  The  depth  for  copper  would  constitute  a  considerable 
■ortion  of  a  wire  J  inch  diameter,  and,  as  there  are  other  considcrationB 
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to  be  tekea  into  account,  I  believe  it  is  scarcely  wortb  while  i 
tubes,  or  flat  strips,  for  6uch  small  sizes. 

It  is  almost  impossible  to  draw  proper  conclueions  from  experimeDts 
on  this  subject  in  Uie  laboratory  such  us  those  of  Prof.  Oliver  J.  Lwlgc. 
The  time  of  oecillation  of  the  current  iu  most  pieces  of  laboratorj'  ap- 
paratus is  so  very  small,  being  often  the  )o(nioBin>  "^  ^  second,  that 
entirely  wrong  infereoees  may  be  drawn  from  them.  As  the  size  of 
the  apparatus  iiiereases,  the  time  of  oscillation  increases  in  the  some  pro- 
portion, and  changes  the  whole  aspect  of  the  case.  I  have  given 
TTtVn OT  "^  "^  second  as  the  shortest  time  a  lightning  flash  eonld  proba- 
bly occupy.  I  strongly  suspect  it  is  often  much  greater,  and  thus  de- 
parts even  further  from  the  laboratory  experiments  of  Professor  Lodge, 
who  has,  however,  done  very  much  toward  drawing  attention  to  this 
matter  and  showing  the  importance  of  surface  in  this  case.  Al!  shapes 
of  the  rod  with  equal  surface  are  not,  however,  equally  efficient.  Thus, 
the  inside  surface  of  a  tube  does  not  count  at  all.  Neither  do  the  comi- 
gations  on  a  rod  count  for  the  full  value  of  the  surface  they  expose,  for 
the  current  is  not  distributed  uniformly  over  the  surface;  but  I  have 
recently  proved  that  rapidly  alternating  currents  are  distributed  over  the 
eurface  of  very  good  conductors  in  the  same  manner  as  electricity  at 
rest  would  be  distributed  over  them,  so  that  the  exterior  angles  and  cor- 
ners possess  much  more  than  tlmir  share  of  the  current,  and  eomiga- 
tions  on  the  wire  concentrate  the*  irrent  on  the  outer  angles  and  dimin- 
ish it  in  the  hollows.  Even  a  flat  strip  has  more  current  on  the  edges 
than  in  the  centre. 

I'or  thcpo  ronsoii?.  phaiic.  iis  well  as  extent  of  surface,  must  be  taken 
into  account,  and  strips  linve  not  always  an  advantage  over  wires  for 
quick  di^cbarfres. 

The  fact  that  Ihc  lijihtniiii:  rod  is  not  melted  on  being  struck  bt 
lightning  is  not  now  considered  as  any  proof  that  it  has  done  its  work 
properly.  It  must,  n.a  it  were  pcize  u])on  the  discharge  and  offer  it  an 
easier  passage  to  the  earth  than  any  other.  Such  sudden  currents  of 
electricity  we  have  seen  to  nlicy  very  different  laws  from  continuous  oues. 
and  their  (cndency  to  stick  to  n  conductor  and  not  fly  off  to  other  ob- 
ject? depends  not  only  on  h.Tving  tbem  of  small  resistance,  but  also  on 
having  what  we  call  the  self-induct  ion  as  small  as  possible.  This  latter 
can  be  diminished  by  having  the  lightning  rod  spread  sideways  as  much 
as  (lossible.  either  hy  rolling  it  into  strips,  or  better,  by  making  a  network 
of  rods  over  the  rodf.  with  several  connections  to  the  earth  at  the  corners, 
as  T  have  before  descrilu-d. 
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Thus  we  see  that  liie  theory  of  lightning  rods,  which  uppeared  so  sim- 
ple in  the  time  of  Franklin,  is  to-day  a  very  complicated  one.  and  re- 
quires for  its  solution  a  very  complete  knowledge  of  the  dynamics  of  elec- 
tric currents.  In  the  light  of  our  present  knowledge  the  frequent  fail- 
ure of  the  old  system  of  rods  is  no  mystery,  for  I  doubt  if  there  are  a 
hundred  buildings  in  the  country  properly  protected  from  lightning. 
With  our  modem  advances,  perfect  protection  might  be  guaranteed  in  ail 
cases,  if  expense  were  no  object. 

So  much  for  the  rod  itself,  and  now  let  us  tuia  to  other  portions  of 
the  electrical  system,  for  we  have  seen  that,  in  any  case,  the  conductor  is 
only  the  core  of  a  disturbance  which  estends  to  great  distances  on  all 
sides.  Were  the  clouds,  the  earth  and  the  streak  of  heated  air  called  the 
lightning  flash  all  perfect  conductors  we  could  calculate  the  entire  dis- 
turbance. It  might  then  consist  of  a  series  of  stationary  waves  between 
the  two  planes,  extending  indefinitely  on  all  sides  but  with  gradually  de- 
creasing amplitude  as  we  pass  away  fmm  the  centre.  The  oscillations. 
once  set  up,  would  go  on  forever,  as  there  would  be  no  poor  conductors  to 
damp  them.  But  when  the  clouds  and  the  path  of  the  lightning  both 
have  very  great  resistance,  the  energy  is  very  soon  converted  into  heat 
and  the  oscillations  destroyed.  I  have  given  it  as  my  opinion  that  this 
is  generally  the  case  and  that  the  oscillations  seldom  take  place,  but  I 
may  be  wrong,  os  there  is  little  to  guide  me  except  guesswork.  If  they 
take  place,  however,  we  have  a  ready  explanation  of  what  is  sometimea 
called  a  back  stroke  of  lightning.  That  is,  a  man  at  the  other  end  of 
(he  cloud  a  mile  or  more  distant  from  the  lightning  stroke  sometimes  re- 
ceives a  shock,  or  a  new  lightning  flash  may  form  at  that  point  and  kill 
'him.  This  may  be  caused,  according  to  our  present  theory,  by  the 
arrival  of  the  waves  of  electrical  disturbance  which  might  themselves 
cause  n  slight  shock  or  even  overturn  the  equilibrium  then  existing  and 
cause  a  new  electric  discharge. 

We  have  now  considered  the  case  of  oscillations  of  electricity  in  a  few 
inetnnces  and  can  turn  to  that  of  steady  currents.  The  closing  of  an 
•*lertric  currpnt  sends  Rthereal  waves  throughout  space,  but  after  the 
fiiBt  shock  the  airrent  flows  steadily  without  producing  any  more  waves. 
-owever,  the  properties  of  the  space  around  the  wire  have  been  per- 
lanentlj  altered,  as  we  have  already  seen.  Let  us  now  study  these  prop- 
Tties  more  in  detail.  I  have  before  me  a  wire  in  which  I  can  produce  a 
•owerful  current  of  electricity,  and  we  have  seen  that  the  space  around 
t  lias  been  so  altered  that  a  delicately  suspended  magnetic  needle  can- 
remain  quiet  in  all  positions  but  stretches  itself  at  right  angles  to 


Henh 


A.    Rt>WLASD 


the  wire,  the  north  pole  tending  to  revolve  around  it  iu  one  SinctioB 
nnd  the  south  pole  in  the  other.  This  is  a  very  old  experiment,  but  we 
now  regard  it  as  evidence  that  the  properties  of  the  space  around  the  wire 
have  been  altered  rather  than  that  the  wire  acte  on  the  magnet  from  a 
distance. 

Put,  now.  a  plate  of  glass  around  the  wire,  the  latter  heing  vertiod 
and  the  former  with  its  plane  horizontal,  and  pass  a  powerful  current 
through  the  wire.  On  now  spriniling  iron  61ings  on  the  plate,  they 
arrange  themselves  in  circles  an>und  the  wire  and  thus  point  out  to  us 
the  celebrated  lines  of  magnetic  force  of  Faraday.  Using  two  wires 
with  currents  in  the  same  direction  we  get  these  other  curves,  and,  test- 
ing the  forces  acting  on  the  wire,  we  find  that  they  are  trj"ing  to  move 
towards  each  other. 

Again,  pass  the  currenta  in  the  ojjpoeite  directiona  and  we  get  theae 
other  cuires  and  the  currents  repel  each  other.  If  we  aseuiue  that  the 
lines  of  force  are  like  rubber  bands,  which  tend  to  shorten  in  the  direc- 
tion of  their  length  and  repel  each  other  sideways,  Faraday  and  Maxwell 
have  shown  that  aJl  magnetic  attraction  and  repulgions  are  explained. 
The  property  which  the  presence  of  the  electric  current  has  conferred  on 
the  luminiferous  ether  is  then  one  by  which  it  tends  to  shorten  in  one 
direction  and  spread  out  in  the  other  two  directions. 

We  have  thus  done  away  with  action  at  a  dlFtance.  and  have  accouni 
ed  for  magnetic  attraction  by  a  change  in  the  intervening  medium 
Faraday  partly  did  almost  fifty  years  ago.     For  this  change  in  the  sat^ 
rounding  medium  is  as  much  a  part  of  the  electric  current  a.s  any  thing 
that  frn-'f^  1.11  witliin  till'  wire. 
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force  in  the  luminiferous  ether  drawing  the  bar  upward  by  their  con- 
tractile force.  This  contractile  force  is  no  small  quantity,  as  it  may 
amount,  in  some  cases,  to  one  or  even  two  hundred  pounds  to  the  square 
inch,  and  thus  rivals  the  greatest  pressure  which  we  use  in  our  steam 
engines. 

Thus  the  luminiferous  ether  is,  to-day,  a  much  more  important  factor 
in  science  than  the  air  we  breathe.  We  are  constantly  surroimded  by 
the  two,  and  the  presence  of  the  air  is  manifest  to  us  all;  we  feel  it,  he 
hear  by  its  aid,  and  we  even  see  it,  under  favorable  circumstances,  and 
the  velocity  of  its  motion  as  well  as  the  amount  of  moisture  it  carries  is  a 
constant  topic  of  conversation  with  mankind  at  large.  The  luminifer- 
ous ether,  on  the  other  hand,  eludes  all  our  senses  and  it  is  only  with 
imagination,  the  eye  of  the  mind,  that  its  presence  can  be  perceived. 
By  its  aid  in  conveying  the  vibrations  we  call  light,  we  are  enabled  to  see 
the  world  aroimd  us,  and  by  its  other  motions  which  cause  magnetism, 
the  mariner  steers  his  ship  through  the  darkest  night  when  the  heavenly 
bodies  are  hid  from  view.  When  we  speak  in  a  telephone,  the  vibra- 
tions of  the  voice  are  carried  forward  to  the  distant  point  by  waves  in 
the  luminiferous  ether,  there  again  to  be  resolved  into  the  sound  waves 
of  the  air.  When  we  use  the  electric  light  to  illuminate  our  streets,  it 
is  the  luminiferous  ether  which  conveys  the  energy  along  the  wires  as 
well  as  transmits  it  to  our  eye  after  it  has  assumed  the  form  of  light. 
We  step  upon  an  electric  street  car  and  feel  it  driven  forward  with  the 
power  of  many  horses,  and  again  it  is  the  luminiferous  ether,  whose  im- 
mense force  we  have  brought  under  our  control  and  made  to  serve  our 
purpose.  No  longer  a  feeble,  uncertain  sort  of  medium,  but  a  mighty 
power,  extending  throughout  all  space  and  binding  the  whole  universe 
together,  so  that  it  becomes  a  living  unit  in  which  no  one  portion  can  be 
changed  without  ultimately  involving  every  other  portion. 

To  this,  ladies  and  gentlemen,  we  have  been  led  by  the  study  of  elec- 
trical phenomena,  and  the  ideas  which  I  have  set  forth  constitute  the 
most  modem  views  held  by  physicists  with  respect  to  electric  currents. 
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Idmerfean  /ournoi  0/  Seietft  [4]    FITI,  401-1 
Johm  ffi^kini  r?Hirfriilg  Circulart, 

Gbstlbhen  and  Fellow  Physicists  of  Akbbica: — We  meet  to-day 
on  an  occaaion  which  marks  an  epoch  in  the  history  of  physics  in  Aoict- 
iea:  may  the  future  show  that  it  also  marks  an  epoch  in  the  hietun"  of 
the  science  whicfi  tJiis  society  is  organized  to  cultivate!  For  we  meet 
here  in  the  interest  of  a  science  above  all  sciences  which  deals  with  ihe 
foundation  of  the  universe,  with  Ihe  constitution  of  matter  from  which 
everything  in  the  universe  is  made  and  with  the  ttther  of  space  by  which 
alone  the  various  portions  of  matter  forming  the  universe  aSect  each 
other  even  at  euch  distances  as  we  may  never  expect  to  traverse,  what- 
ever the  progrese  of  our  science  in  the  future. 

We,  who  have  devoted  our  lives  to  the  solution  of  problems  connected 
with  phyeicB,  now  meet  together  to  help  each  other  and  to  forward  the 
interests  of  the  subject  which  we  love. — a  subject  which  appeals  m<>*i 
strnnjrly  to  the  hett^T  iuatincts  nf  our  nature  and  the  problem?  whieh 
tax  our  minds  to  tlie  limit  of  their  capacity  and  suggest  the  grandest 
and  noblest  ideas  of  which  they  are  capable. 

In  a  coimtry  where  the  doctrine  of  the  equal  rights  of  man  has  been 
distorted  to  mean  the  ef]iia]ity  of  man  in  other  respects,  we  form  a  small 
and  unique  body  of  men.  a  new  variety  of  the  human  race,  as  one  of 
our  gieatest  .scirnfisis  cnJI?;  it,  whose  views  of  what  constitutes  the  gi'iMi- 
est  achievement  in  life  iirc  very  different  from  those  around  us.  In  thi^^ 
re.^pect  wc  form  an  aristocracy,  not  of  wealth,  not  of  pedigree,  but  of 
intvlloct  and  of  ideal?,  lioldiiifr  him  in  the  highest  respect  who  adds  the 
most  to  our  knowIi-di;r  or  who  strives  after  it  as  the  highest  good. 

Thus  ue  meet  to^'t-rlior  fur  inuiual  sympathy  and  the  interchange  of 
knowledge,  and  may  wc  do  m>  evi-r  with  appreciation  of  the  benefits  to 
ourselves  and  itoSisiWy  to  our  science.  Above  all.  let  us  cultivate  the 
idea  of  th^-  di;;iiily  nf  mir  )ii.i>-tni  so  ihiU  this  feeling  may  sustain  us  in 
the  midsf  nf  ii  wcrld  whic!)  ^jive^:  its  highest  praise,  not  to  the  investlga- 
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ion  in  the  pure  ethereal  physics  which  our  society  is  formed  to  cultivate, 
but  to  the  one  who  uses  it  for  satisfying  the  physical  rather  than  the 
intellectual  needs  of  mankind.  He  who  makes  two  blades  of  grass  grow 
where  one  grew  before  is  the  benefactor  of  mankind;  but  he  who  ob- 
ecurely  worked  to  find  the  laws  of  such  growth  is  the  intellectual  supe- 
rior a£  well  ss  the  greater  benefactor  of  the  two. 

How  stands  our  country,  then,  in  this  respect?  My  answer  must  still 
be  now,  as  it  was  fifteen  years  ago,  that  much  of  the  intellect  of  the 
country  is  still  wasted  in  the  pursuit  of  so-called  practical  science  which 
ministers  to  our  physical  needs  and  but  little  thought  and  money  is 
given  to  the  grander  portion  of  the  subject  which  appeals  to  our  intellect 
alone.  But  your  presence  here  gives  evidence  that  such  a  condition  is 
not  to  last  forever. 

Even  in  the  past  we  have  a  few  names  whom  scientists  throughout  the 
world  delight  to  honor:  Franklin,  who  almost  revolutionized  the 
science  of  electricity  by  a  few  simple  hut  profound  experiments;  Count 
Bumford,  whose  experiments  almost  demonstrated  the  nature  of  heat; 
Henry,  who  might  have  done  much  for  the  progress  of  physics  had  he 
published  more  fully  the  results  of  his  investigations:  Mayer,  whose 
BJmple  and  ingenious  experiments  have  been  a  source  of  pleasure  and 
profit  to  many.  This  is  the  meager  list  of  those  whom  death  allows  me 
to  speak  of  and  who  have  earned  mention  here  by  doing  something  for 
the  progress  of  our  science.  And  yet  the  record  has  been  searched  for 
more  than  a  hundred  years.  How  different  had  I  started  to  record 
those  who  have  made  useful  and  beneficial  invontsons! 

But  I  know,  when  I  look  in  the  faces  of  those  before  me,  where  the 

«Bger  intellect  and  high  purpose  sit  enthroned  on  bodies  possessing  the 

and  strength  of  youth,  that  the  writer  of  a  hundred  years  hence 

longer  throw  such  a  reproach  upon  our  country.     Nor  can  we 

thoee  who  have  gone  before  us.     The  progress  of  every  science 

UB  the  condition  of  its  growth.     Very  few  persons,  if  isolated  in 

semi-civilized  land,  have  either  the  desire  or  the  opportunity  of  pur- 
lerdng  the  higher  branches  of  science.  Even  if  they  should  be  able  to  do 
Bo,  their  influence  on  their  science  depends  upon  what  they  publish 
•ad  make  known  to  the  world.     A  hermit  philosopher  we  can  imagine 

light  make  many  useful  discoveries.  Yet,  if  he  keeps  them  to  himself, 
i«  can  never  claim  to  have  benefited  the  world  in  any  degree.     His  uo- 

ibliflhed  resulta  are  his  private  gain,  but  the  world  is  no  better  off 

itil  he  has  made  them  known  in  language  strong  enough  to  call  atten- 
ion  to  them  and  to  convince  the  world  of  their  truth.  Thus,  to  encour- 
the  growth  of  any  science,  the  best  thing  we  can  do  ia  to  meet 
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tugelher  in  its  intortst,  to  disciise  its  problems,  to  criticise  ench  othw's 
work  and,  best  of  nil,  ty  pnrnde  meiuis  by  which  the  better  portion  of 
it  may  be  niatle  known  to  Ihe  world.  Furthermore,  let  us  enconrage 
discrimination  in  our  thoughts  and  work.  Let  ua  recognize  the  eras 
when  great  thoughlii  have  bee-n  introduced  intn  our  subject  and  let  lis 
honor  the  great  men  who  introducttd  and  proved  them  correct.  Let  uj 
forever  reject  such  fooliah  iileae  «&  the  e(|iiality  of  mankind  and  care- 
fully give  the  greater  credit  to  the  greater  man.  So,  in  chooeing  the 
fiubjecta  for  our  investigation,  let  ns.  if  possible,  work  upon  those  sub- 
jects which  will  finally  give  ns  an  advanced  knowledge  of  eome  great 
subject.  I  am  aware  that  we  ctinnot  nlways  do  this:  our  ideas  will  often 
flow  in  Hide  chanucle:  but,  with  the  gri*iit  problems  of  tlic  unnTrv 
before  us,  we  may  sorae  time  be  able  to  do  our  gharc  toward  the  (ireaur 
end. 

What  is  matter;  what  is  gravitation;  what  is  ether  and  the  radiation 
through  it;  what  is  electricity  and  ninguettt^m;  bow  are  ttiese  connected 
together  and  wliat  is  their  relation  to  heat?  These  are  the  grenl 
problems  of  the  universe.  But  many  infinitely  emaller  probh 
must  attack  and  solve  before  we  can  even  guess  at  the  solution  of 
greater  ones. 

In  our  attitude  toward  these  greater  problems  how  do  we  stand 
what  is  the  foundation  of  our  knowledge? 

Newton  and  the  great  array  of  astronomers  who  ha.ve  succeeded 
have  proved  that,  within  planetarj-  distances,  matter  attracts  all  otheW 
iviili  11  fi.rcc  varyin.i:  inveisclv  a.«  tho  s(|uarc  of  the  distance.  But  what 
Mirt  of  prouf  jiiivi-  we  of  tliis  law:'  It  is  derived  from  astronomical 
"listTvnlions  on  th<-  idini.'lary  orbils.  It  Li.LTeos  very  well  within  thtse 
iiiiinensi.'  .•^pincs;  IjiiI  wiuii'  is  the  cviilriiro  that  the  law  holds  for  sinallcT 
disliincrs:-'  Wi-  iiiciisutv  tlio  hin;ir  di^tanl■^  and  the  size  of  the  oanli 
iiud  lutiipari'  llu'  I'liric  at  t!i:U  di^tiiiui'  willi  the  force  of  urnvitation  on 
(lie  iMrtli'>  .=iiiTaii'.  Hiil  to  ilo  ilii-  wv  must  comiiare  the  matter  in  tlie 
.•nrth  wiib  tbat  in  llu'  ^^un.  Tlii-  ivo  .-mi  only  do  by  <iw»mu,r/  the  buv 
to  bo  [iiincd.  .\;:;iin,  in  di'siciidin^  rnnii  tlie  earth's  jri'avitation  to  tliiit 
of  t"-c^  sinM  l">iliis,  as  in  llio  Cavi'tnlisli  (■xpcriiiient.  we  assume  the  law 
\'\  boll!  iiiid  ddliKv  tlir  ufM'^  nf  the  ciirlli  in  lermp  of  our  unit  of  nia??. 
Ib'iii,-.  wlii-n  WM  say  Hiaf  tlif  tnii-^^  of  tlie  I'arth  i.*  5§  limes  that  of  an 
(■■|iial  \(iiiutii'  of  water  we  ■is^iiuif  \hf  law  nf  jrravitatiou  to  he  that  of 
Xiuloii.     TImi-  ;i  proof  of  tl)c  l;iw  fioiii  |.lanetary  down  to  terrestrial 
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tion  is  proportional  to  the  quantity  of  matter,  which  ia  the  earoe  as 
fiaying  that  the  attraction  of  one  body  by  another  is  not  affected  by  the 
presence  of  a  third,  the  feeble  proof  that  we  give  by  weighing  bodies  in 
alance  in  different  positions  with  respect  to  each  cannot  be  accepted 
on  a  larger  Bcale,  When  we  can  tear  the  sun  into  two  portions  and  prove 
that  either  of  the  two  halves  attracts  half  as  much  as  the  whole,  then 
we  shall  have  a  proof  worth  mentioning. 

Then  as  to  the  relation  of  graTitation  and  time  what  can  we  say? 
Can  we  for  a  moment  suppose  that  two  bodies  moving  through  space 
witti  great  velocities  have  their  gravitation  unaltered?  I  think  not. 
Neither  can  we  accept  Laplace's  proof  that  the  force  of  gravitation  acts 
instantaneously  through  space,  for  we  can  readily  imagine  some  com- 
pensating features  unthought  of  by  Laplace. 

'  little  wc  know  then  of  this  law  which  has  been  under  observa- 
tion for  two  hundred  years! 

Then  as  to  matter  itaelf  how  have  our  views  changed  and  how  are 
they  constantly  changing.  The  round  hard  atom  of  Newton  which 
God  alone  could  break  into  pieces  has  become  a  molecule  composed  of 
many  atoms,  and  each  of  these  smaller  atoms  has  becnnie  so  elastic  that 
after  vibrating  100,000  times  its  amplitude  of  vibration  is  scarcely 
diminiahed.  It  has  become  so  complicated  that  it  can  vibrate  with  as 
many  thousand  notes.  We  cover  the  atom  with  patches  of  electricity 
here  and  there  and  make  of  it  a  system  compared  with  which  the  plane- 
tary system,  nay  the  universe  itself,  is  simplicity.  Nay  more:  some  of 
m  even  claim  the  power,  which  Newton  attributed  to  God  alone,  of 
breaking  the  atom  into  smaller  pieces  whose  size  is  left  to  the  imagina- 
tioD.  Where,  then,  is  that  person  who  ignorantly  sneers  at  the  study 
of  matter  as  a  material  and  gross  study?  Where,  again,  is  that  man  wilh 
,£ifte  so  God-like  and  mind  so  elevated  that  he  can  attack  and  solve  its 
problem? 

To  all  matter  we  attribute  two  properties,  gravitation  and  inertia. 
Without  these  two  matter  cannot  exist.  The  greatest  of  the  natural 
•wa  states  that  the  power  of  gravitational  attraction  is  proportional  to 
iie  mass  of  the  body.  This  law  ot  Newton,  almost  neglected  in  the 
plotights  of  physicists,  undoubtedly  has  vast  import  of  the  very  deepest 
neuiing.  Shall  it  mean  that  all  matter  is  iinally  constructed  of  uniform 
fid  similar  primordial  atoms  or  can  we  tind  some  other  explanation? 

That  the  molecules  of  matter  are  not  round,  we  know  from  the  facts 
■*  crystallography  and  the  action  of  matter  in  rotating  the  plane  ( 
olarization  of  light. 
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MTules  and  even  of  the  atoms  are  electricafl 
K  electrolyais,  the  action  of  gases  in  a  Tacuiu 
1  effect, 
b^n  act  like  little  magnets,  v.-e  know  from  the  d 
^  aiekel  and  cobalt. 

iJMfi).  the  spectrum  shove,  and  that  the  vibiutili 
t  dleetrified  charge  with  it  is  shown  b^  the  Zeemi 

.  •*  ha»¥  made  quite  a  start  in  our  problem:  but  how  fl 

.ijr  oamplete  solution?     How  can  we  imagine  the  uiateril 

r  or  primordial  atoms  are  made,  dealing  as  we  do  onll 

k  of  atoms  alone?     Forever  beyond  our  sight,  vibratini 

•  niunber  of  times  in  a  Boeond,  moviDg  hither  and  JOB 

BY  at  all  temperatures  beyond  the  absolute  zero  0 

certainly  a  wonderful  feat  of  human  reason  i 

■    .r"-  know  as  much  as  we  do  at  present.     Encouraged  li] 

:-  uiit  liiijrer  too  long  in  their  contemplation  bill  prrt) 

■  i-M'  discoveries  which  await  us  La  the  future. 

■^■l^icity,  the  subtile  spirit  of  the  amber,  the  demon  » 

-  glutinous  arms  to  draw  in  the  light  bodies  within  hi 

ii  hieh  could  run  through  metals  with  the  greatest  a 

:'ped  by  a  frail  piece  of  glass!     Where  is  it  now?    Ti> 

LI  the  waste  heap  of  our  discarded  theories  to  be  repls«i 

.   ,11  ivuiff  and  exalted  one  of  action  in  the  ether  of  space. 

tad  «  we  are  brought  to  consider  that  other  great  entity — ^the  etho; 

fei%  41  space  without  limit,  we  imagine  ibe  ettior  to  ha  i!ic  " 

mu»  by  which  two  portions  of  matter  distant  from  each  other  a 

I  lht*«  <tn7  Btutual  action.     By  its  means  we  imagine  every  atom  ii 

I  to  be  bound  to  every  other  atom  by  the  force  of  gntritglioS 

\  aipl  -ittea  by  the  force  of  magnetic  and  electric  action,  and  we  concMrt 

I  It  <UuDe  conveys  the  vibrator}'  motion  of  each  atom  or  molKi 

into  $pace  to  be  ever  lost  in  endless  radiation,  passing  out  a 

tn^tuto  space  or  absorbed  by  some  other  atoms  which  happen  to  bed 

1 1lK:<*ih.     By  it  all  electromagnetic  energy  is  conveyed  from  the  fpehH 

M'iioa  of  the  rubbed  amber  through  the  many  thousand  hor?e-i»*< 

Mwveid  by  the  electric  wires  from  Niagara  to  the  mighty  msh  5 

r  always  flowing  from  the  sun  in  n  flood  of  radiation.    .Vi'Ub" 

biv  aod  actions  mighty  from  inter-molecular  distances  through  inW 

UTf  and  inter^stellar  distances  until  we  reach  the  mightr  i 

which  bound  the  universe^all  have  their  being  in  tliis  wonflf" 
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And  yet,  however  wonderful  it  may  lie,  ita  laws  are  tar  more  simple 
I  than  those  of  matter.     Every  wave  in  it,  whatever  its  length  or  inten- 
I  BJty,  proceeds  onwards  in  it  according  to  well  known  laws,  all  with  the 
I  Bame  speed,  unaltered  in  direction  from  its  source  in  etectrilied  matter, 
to  the  confines  of  the  universe  unim)inirL'd  in  ein:rg_v  unk-se  it  is  dis- 
turbed by  the  presence  of  matter.     However  the  waves  may  cross  each 
other,  each  proceeds  by  itself  without  interference  with  the  others. 

So  with  regard  to  gravitation,  we  have  no  evidence  that  the  presence 
of  a  third  body  affects  the  mutual  attraction  of  two  other  bodies  or 
that  the  presence  of  a  third  quantity  of  electricity  affects  the  mutual 
attraction  of  two  other  quantities.     The  some  for  magnetism. 

For  this  reaaon  the  laws  of  gravitation  and  of  electric  and  magnetic 
I  action  including  radiation  are  the  simplest  of  all  laws  when  we  confine 
them  to  a  so-called  vacuum,  but  become  more  and  more  complicated 
when  we  treat  of  them  in  apace  containing  matter. 

Subject  the  ether  to  immense  electrostatic,  magnetic  or  gravitational 
forces  and  we  find  absolutely  no  signs  of  its  breaking  down  or  even 
change  of  properties.  Set  it  into  vibration  by  means  o(  an  intensely 
hot  body  like  that  of  the  sun  and  it  conveys  many  thousand  horse-power 
for  each  square  foot  of  surface  as  quietly  and  with  apparently  unchanged 
laws  as  if  it  were  conveying  the  energy  of  a  tallow  dip. 

Again,  subject  a  millimeter  of  ether  to  the  stress  of  many  thousand, 
nay  even  a  million,  volts  and  yet  we  see  no  signs  of  breaking  down. 

Hence  the  properties  of  the  ether  are  of  ideal  simplicity  and  lead  to 
the  simplest  of  natural  laws.  All  forces  which  act  at  a  distance,  always 
obey  the  law  of  the  inverse  square  of  the  distance  and  we  have  also  the 
attraction  of  any  number  of  parts  placed  near  each  other  equal  to  the 
arithmetical  sum  of  the  attractions  when  those  parta  are  separated.  So 
also  the  simple  law  of  elheroftl  waves  which  has  been  mentionerl  aiKive. 
At  the  present  time,  through  the  labors  of  Maxwell  supplemented  by 
those  of  Hertz  and  others,  we  have  arrived  at  the  great  generalization 
that  all  wave  disturbances  in  the  ether  are  electromagnetic  in  their 
nalure.  Wr  know  of  little  or  no  ethereal  disturbance  which  can  be  set 
up  by  the  motion  of  matter  alone:  the  matter  must  be  electrified  in 
order  to  have  sufficient  hold  on  the  ether  to  communicate  its  motion 
to  the  ether.  The  Zoeman  effect  even  shows  this  to  be  the  case  where 
molecules  arc  concerned  and  when  the  period  of  vibration  is  immensely 
great.  Indeed  the  experiment  on  the  magnetic  action  of  electric  con- 
vection shows  the  same  thing.  By  electrifying  a  disc  in  motion  it 
appeara  aa  if  the  disc  holds  fast  to  the  ether  and  drags  it  with  it,  thus 
setting  up  the  ]>eculiar  ethereal  motion  kiioMii  a*  mapietism. 
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Have  we  not  another  case  of  a  similar  nature  when  a  huge  gnvita 
tional  mass  like  that  of  the  earth  revolvee  on  its  axie?  Han  not  mattcv 
a.  feeble  hold  on  the  ether  sufficient  to  produce  the  earth's  ma^etism? 

But  the  experiment  of  Lodge  to  detect  such  an  action  appareutlj 
showed  that  it  must  be  very  feeble.  Might  not  his  eiperinient  havB 
succeeded  had  he  used  an  electrized  revolving  disc? 

To  detect  soniethinr  dependent  on  the  relative  motion  of  the  ethec 
and  matter  has  been  and  h  the  great  deeire  of  physicists, 
always  find  that,  with  one  possible  exception,  there  ie  always  some  com 
pensating  feature  which  renders  our  efforts  useless.  This  one  expeiir 
ment  is  the  aberration  of  light,  but  even  here  Stokes  has  shown  that  t 
may  be  explained  in  either  of  two  ways:  first,  that  the  earth  mova 
through  the  ether  of  space  without  disturbing  it.  and  second,  that  i 
carries  the  ether  with  it  by  a  kind  of  motion  called  irrotational.  Evei 
here,  however,  the  amount  of  action  probably  depends  upon  ; 
motion  of  the  lumiuoub  source  to  the  recipient  telescope. 

So  the  princLpk-  of  Doppler  depends  aJso  on  this  relative  motion  a 
is  independent  of  the  ether. 

The  result  of  tlie  experiments  of  Foucault  on  the  passage  of  tight 
through  moving  water  can  no  longer  be  interpreted  a&  due  to  tlie  putitl 
movement  of  the  ether  with  the  moving  water,  an  inference  due  t 
imperfect  theory  alone.  The  experiment  of  Lodge,  who  attempted  b 
set  the  ether  in  motion  by  a  rapidly  rotating  disc,  showed  no  such  result 

The  experiment  of  Miehelson  to  detect  the  ethereal  wind,  alihou^ 
carried  to  the  extreme  of  accuracy,  also  failed  to  detect  any  relatitt 
motion  of  the  matter  ajid  the  ether. 

But  matter  with  an  electrical  charge  holds  fast  to  the  ether  mi 
moves  it  in  the  manner  required  for  magnetic  action. 

When  electrified  bodies  move  together  through  space  or  with  teftf- 
ence  to  each  other  we  can  only  follow  their  mutual  actions  throQgli  i«7 
slow  and  uniform  velocities.  When  they  move  with  velocities  c 
parable  with  that  of  light,  equal  to  it  or  even  beyond  it,  we  oalculal* 
their  mutual  actions  or  action  on  the  ether  only  by  the  light  of  oar 
imagination  unguided  by  experiment.  The  conclusions  of  J.  J-  Th'"'*" 
son,  Heaviside  and  Hertz  are  all  results  of  the  imagination  and  th«f  >■" 
rest  upon  aseuniptions  more  or  less  reasonable  but  always  sssuroptioW. 
A  mathematical  investigation  always  obeys  the  law  of  the  constinsUon 
nf  knowledge:  we  never  get  out  more  from  it  than  we  put  in.  Tm 
knowledge  may  be  changed  in  form,  it  may  be  clearer  and  more  eactlj 
stated,  but  the  total  amount  of  the  knowledge  of  nature  given  o 
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le  inveBtigation  is  the  same  as  we  started  with.  Hence  we  can  never 
predict  the  reenlt  in  the  case  of  velocitiee  beyond  our  reach,  and  such 
calculations  as  the  velocity  of  the  cathode  rays  from  their  electro- 
magnetic action  has  a  great  element  of  uncertainty  which  we  should  do 
well  to  remember. 

Indeed,  when  it  comes  to  exaet  knowledge,  the  limits  are  far  more 
circumscribed. 

How  is  it.  then,  that  we  hear  physjcista  and  others  constantly  stating 
what  will  happen  beyond  these  limits?  Take  velocities,  for  instance, 
Buch  as  that  of  a  material  body  moving  with  the  velocity  of  light.  There 
»  no  known  process  by  which  such  a  velocity  can  be  obtained  even 
though  the  body  fell  from  an  infinite  distance  upon  the  largest  aggrega- 
tion of  matter  in  the  universe.  If  we  electrify  it.  as  in  the  cathode 
rays,  its  properties  are  so  changed  that  the  matter  properties  are  com- 
pletely masked  by  the  electromagnetic. 

It  is  a  common  error  which  young  physicists  are  apt  to  fall  into  to 
obtain  a  law,  a  curve  or  a  mathematical  expression  for  given  experi- 
mental limits  and  then  to  apply  it  to  points  outside  those  limite.  This 
18  sometimes  called  extrapolation.  Such  a  procese,  unless  carefully 
.^arded,  ceases  to  he  a  reasoning  process  and  becomes  one  of  pure 
imagination  specially  liable  to  error  when  the  distance  is  too  great. 

But  it  is  not  my  purpose  to  enter  into  detail.     What  I  have  given 
■ufSces  to  show  how  little  we  know  of  the  profounder  questions  involved 
our  subject. 

It  is  a  curious  fact  that,  having  minds  tending  to  the  infinite,  with 
ima^nations  unlimited  by  time  and  space,  the  limits  of  our  exact 
knowledge  are  very  small  indeed.  In  time  we  are  limited  by  a  few 
Jinndred  or  possibly  thousand  years:  indeed  the  limit  in  our  science  is 
ta  less  than  the  smaller  of  these  periods.  In  space  we  have  exact 
knowledge  limited  to  portions  of  our  earth's  surface  and  a  mile  or  so 
lielow  the  surface,  together  with  what  little  we  can  Icam  from  looking 
through  powerful  telescopes  info  the  space  beyond.  In  temperature 
Hir  knowledge  extends  from  near  the  absolute  zero  to  that  of  the  sun 
»t  exact  knowledge  is  far  more  limited.  In  pressures  we  go  from  the 
ikes  vacuum  still  containing  myriads  of  flying  atoms  to  pressures 
iit«d  by  the  strength  of  steel  but  still  very  minute  compflred  with  the 
mres  at  the  centre  of  the  earth  and  sun,  where  tlie  hardest  steel 
flow  like  the  moat  limpid  water.  In  velocities  we  are  limited  to 
few  miles  per  second:  in  forces,  to  possibly  100  tons  to  the  square 
Ddi:  in  mechanical  rotations,  to  a  few  hundred  times  per  second. 
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All  the  facte  which  we  have  ei>n9i(lercd,  the  liability  to  error  in  what- 
ever direction  we  go,  the  infirmity  of  our  minds  iu  their  reasoning 
power,  th(!  fallibility  of  witnesses  and  experi  men  tent,  loud  the  «ientJ8t 
to  be  specially  ekeptieal  with  reference  to  any  statement  mule  t"  liim 
or  any  so-called  knowledgt;  which  may  be  bronylit  lo  his  attention.  Tbe 
facta  and  theories  of  our  science  are  so  much  more  certain  than  those  of 
history,  of  tbe  testimony  of  ordinary  people  an  which  the  facts  of 
ordinary  history  or  of  legaJ  evidence  rest,  or  of  the  value  of  medicines  to 
which  we  trust  when  we  are  ill,  indeed  to  the  whole  fabric  of  supposed 
truth  by  which  an  ordinary  person  guides  his  belief  and  the  actions  of 
his  life,  that  it  may  seem  ominous  and  strange  if  what  I  have  said  oi 
the  imperfections  of  the  knowledge  of  physics  is  correct.  How  shall  we 
K'gulale  our  minds  with  respect  to  it:  there  is  only  one  way  that  I 
know  of  and  that  is  to  avoid  the  discontinnity  of  the  ordinary,  indeed 
the  so-called  ciihivated  legal  mind.  There  is  no  such  thing  as  absolute 
truth  and  absolute  falsehood.  The  scientific  mind  should  never  recog- 
nize the  perfect  tnith  or  the  perfect  falsehood  of  any  supposed  theory 
or  observation.  It  should  carefully  weigh  the  chances  of  truth  and 
error  and  grade  each  in  its  proper  position  along  the  line  jmniog  ai*'>- 
lute  truth  and  absolute  error. 

The  ordinary  crude  mind  has  only  two  eompartnicnte,  one  for  truth 
and  one  for  error;  indeed  the  contents  of  the  two  compartments  are 
BBdly  mised  in  most  cases:  the  ideal  scientific  mind,  however,  has  an 
infinite  number.  Each  theory  or  law  is  in  its  proper  compartment  indi- 
cating the  probability  of  its  truth.  As  a  new  fact  arrives  the  scientist 
changes  it  from  one  com|inrtineTil.  to  iiunthcr  ?o  as,  if  possible,  to  alwav? 
keep  it  in  its  proper  relation  to  truth  and  error.  Thus  the  fluid  nature 
of  electricity  wufi  once  in  a  compartment  near  the  truth,  Faraday's  and 
Maxwi'll's  rcsunri'lios  have  now  caused  us  to  move  it  to  a  com|)artmi?nt 
nearly  up  to  that  of  absolute  error. 

So  the  law  of  gravitation  within  planetary  distances  is  far  towanl 
absolute  truth,  but  may  still  need  amending  before  it  is  advanced  farther 
in  tlint  direction. 

The  ideal  scientific  mind,  tbcrcfore.  must  always  be  held  in  a  state 
of  bnlanci'  wjiiob  the  slightest  new  evidence  may  change  in  one  direction 
or  iinotlior.  It  is  in  a  constant  state  of  skepticism,  knowing  full  well 
that  nothing  is  certain.  It  is  above  all  an  agnostic  with  respect  to  all 
facts  and  theories  of  science  as  well  as  to  all  other  so-called  beliefs  and 
tbenrics. 

Yet  it  woidd  he  foily  to  reason  from  this  that  we  need  not  guide  our 
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life  according  to  tlie  approach  to  knowledge  that  we  poeseBS.  Nature  is 
inexorable:  it  pimiahee  the  child  who  unknowingly  steps  off  a  precipice 
quit£  a£  severely  as  the  grown  scientist  who  steps  over,  with  full  knowl- 
edge of  all  the  lawB  of  falling  bodies  and  the  chances  of  their  being 
correct.  Both  fall  to  the  bottom  and  in  their  fall  obey  the  gravitational 
laws  of  inorganic  matter,  slightly  modified  by  the  muscular  contortions 
of  the  falling  object  but  not  in  any  degree  changed  by  the  previous 
belief  of  the  person.  Natural  laws  there  probably  are,  rigid  and  un- 
changing ones  at  that.  Understand  Ihem  and  they  axe  beneficent:  we 
can  use  them  for  our  purposes  and  make  them  the  slaves  of  our  desires. 
Misunderstand  them  and  they  are  monsters  who  may  grind  us  to  powder 
or  crush  us  in  the  du-it.  Nothing  is  asked  of  us  as  to  our  belief:  they 
act  unswervingly  and  we  must  understand  them  or  suffer  the  conse- 
quences. Our  only  course,  then,  is  to  act  according  to  the  chances  of 
our  knowing  the  right  laws.  If  we  act  correctly,  right:  if  we  act  incor- 
rectly, we  suffer.  If  we  are  ignorant  we  die.  What  greater  fool,  then, 
than  he  who  states  that  belief  is  of  no  consequence  provided  it  is  sincere. 
An  only  child,  a  beloved  wife,  lies  on  a  bed  of  illness.  The  physician 
Bays  that  the  disease  is  mortal;  a  minute  plant  called  a  microbe  has 
obtained  entrance  into  the  body  and  is  growing  at  the  expense  of  its 
tissues,  forming  deadly  poisons  in  the  blood  or  destroying  some  vital 
organ.  Tlie  physician  looks  on  without  being  able  to  do  anything. 
Baily  he  comes  and  notes  the  failing  strength  of  his  pHtient  and  daily 
the  patient  goes  downward  until  he  rests  in  his  grave.  But  why  has  the 
physician  allowed  this?  Can  we  doubt  that  there  is  a  remedy  which 
shall  kill  the  microbe  or  neutralize  its  poison?  Why,  tlien,  has  he  not 
Used  it?  He  is  employed  to  cure  but  has  failed.  His  bill  we  cheerfully 
pay  because  he  has  done  his  best  and  given  a  cliance  of  cure.  The 
tnawer  is  ignorance.  The  remedy  is  yet  unknown.  The  physician  is 
Waiting  for  others  to  discover  it  or  perhaps  is  experimenting  in  a  crude 
.•nd  unscientific  manner  to  find  it.  Is  not  the  inference  correct,  then, 
.t  the  world  has  been  paying  the  wrong  class  of  men?  Would  not 
lis  ignorance  have  been  dispelled  had  the  proper  money  been  used  in 
past  to  dispel  it?  Such  deaths  some  people  consider  an  act  of  God. 
(Wliat  blasphemy  to  attribute  to  God  that  which  is  due  to  our  own  and 
JW  ancestors'  selfishness  in  not  founding  institutions  for  medical  re- 
'*sifh  in  suflfiriont  number  and  with  sufRcient  means  to  discover  the 
•"Ith.  Such  deaths  are  murder.  Thus  the  present  generation  suffers 
"ins  of  the  past  and  wo  die  because  our  ancestors  dissipated  their 
l*6alth  in  armies  and  navies,  in  the  fonlisb  pomp  and  circumstance  of 
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.  DBBOBiFFtON  OF  THE  DITIDDiG  ENGINES  DESIGMKD 

BY  PROFESSOR  ROWLAND." 


Three  diridiDg  eagines  were  made  onder  Profeesor  BovUitd's  direc- 
tion, all  embodying  ihe  same  general  princi[il««  »s  given  in  his  article 
on  the  "  Screw  "  in  the  Encyclopedia  Britannica  (this  Toiume  p.  506). 
The  screws  of  all  three  ha?e  approximately  twenty  threads  to  the  ioeh; 
and  the  number  of  t«eth  in  the  ratchet  wheels  of  the  first,  second  and 
third  machines  is  such  that  they  rule  14,43S,  15,020  and  20.000  lines  in 
an  inch.  The  three  machines  are  kept  in  the  snb-basement  of  the 
Physical  Laboratory  of  the  Johns  Uopkins  Universi^  under  such  con- 
ditions as  will  secure  a  practically  constant  wmperatnre  for  long 
intervals  of  time.  Each  machine  is  driTen  by  a  separate  water-motor 
whose  speed  can  be  regulated  at  will. 

The  machines  have  been  used  almost  exclosiTely  for  the  ruling  of 
diffractifm  gratings,  although  a  few  centimetre  scales  hare  been  made. 
The  gratings  have  been,  with  only  four  or  five  esceplions>  made  of 
"apecolum  metal,"  hflving  the  composition,  copper  126  lbs,  4  ot.  tin 
58  lbs.  9  oz.,  and  as  homo^neons  as  possible.  The  rough  metal  plates 
were  east  under  Professor  Rowland's  direction,  and  were  then  figured 
and  polished.  After  the  ruling  was  completed,  the  gratings  were  care- 
fully tested  in  order  to  see  if  they  were  free  from  "  ghosts,"  diffosed 
light  and  defective  definition. 

To  test  the  screw,  rstchet-hcad  and  thrust  screw  for  periodic  errorp. 
Professor  Rowland  used  the  following  method:  he  niled  a  space  of 
about  one  cpntimetre  nn  a  polished  surface,  then  pushed  the  carriaBe 
t  back  this  distance,  turned  the  grating-holder  throngh  a  minute  angle 
knd  again  ruled  a  surface  of  about  the  same  width  as  before.  There  is 
i  produced  a  cross-ruling,  the  lines  being  slightly  inclined  to  each 
Mlier;  and  when  examined  bv  reflected  light,  a  series  of  undulations  is 

>  UnfortnnaMr  Prcife>iorRowluidDe*«r  piib1Ub«dad«*criptii>ii  of  tbeae mschlnes ; 
IB  Commlttae  bas  ttiUi  la  Qud  tnj  laforiDatlon  coucBrnlii;  tha  Inception  of 
I  idea  or  the  blitory  of  tbe  i?onstractlon  of  the  drat  macblne.  Il  hai  tieao 
l^bt  best,  therefore,  to  glre,  first,  a  general  description  of  tbe  dealgn  of  Ibe 
kglaea  wltb  *artoD«  oeceBtarj  detail*  nf  lome  of  tbe  wnrklnt  parli  and.  swond. 
rswlnga  made  to  scale,  showing  all  the  connections  of  tb«  liilrlcat«  m««baDlnaj, 
patb  of  these  bare  been  prepared  under  tbe  direction  ot  J.  3.  Amaa,  8ecr«lM74j 
«  Committee,  and  hare  been  approved  bj  the  Committee. 
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eeen  to  croee  the  lines  at  right  angles,  corresponding  to  the  points  of 
intersection  of  tJie  two  sets  of  mlings.  This  pattern  reeemblee  closely 
in  appearance  that  of  watered  eilk.  The  corrector  of  the  machine  is 
adjusted  until  this  undiilatory  pattern  is  as  regular  and  has  aa  small 
811  amplitude  as  poBeible. 

Any  description  of  Rowland's  dividing  engines,  however  brief,  would 
be  incomplete  without  some  mention  of  Mr.  Theodore  Schneider  who 
for  twenty-five  years  was  Professor  Eowlajid's  mechanician  and  assistant 
and  who  died  only  a  few  wpeks  before  him.  It  was  he  who  made  the 
aerewB  and  most  of  the  working  parts  of  the  machines,  and  it  was  he 
who  superintended  the  ruling  of  every  grating  that  has  left  the  Phyaiea] 
Laboratory  of  the  Johns  Hopkins  University  for  use  elsewhere  in  the 
world.  ^B 

General  Design'  of  DrvroiNO  Engine'  ^| 

The  object  of  this  machine  is  to  nile  straight  lines  on  metal  or  glass 
surfaces,  exactly  parallel  and  at  exactly  equal  distances  apart.  The  sur- 
face to  be  niled  is  attached  to  a  frame  which  is  moved  forward  by  a  nut 
as  it  is  advanced  by  a  screw;  the  ruling  edge  is  generally  a  diamond 
mounted  in  such  a  manner  as  to  be  drawn  to  and  fro  aerose  the  surface  to 
be  ruled,  hut  to  be  in  contact  with  it  diunng  only  one  of  these  motion?. 
Rotary  motion  is  imparted  to  the  main  shaft  (48  A)  by  means  of  a 
driving  pulley,  operated  by  a  belt  attached  to  a  water  motor  (not  shown 
in  the  cuts).  Mounted  on  the  main  shaft  are  the  cams  (46,  4?)  for 
ojierafing  the  pnwl-h.'vcrs,  which  turn  the  screw  ;iinl  iidvimcc  Ihe  inn, 
the  cam  (55)  controlling  the  mechanism  for  raising  the  diamond;  and 
the  crank  (50)  which  by  means  of  the  connecting  rod  and  cross-head 
impart  a  reciprocating  motion  to  the  ruling  carriage  and  its  diamond. 
]iy  means  of  adjustments  in  the  crank  and  connecting  rod,  the  length 
of  stroke  of  the  diamond  may  be  varied,  and  rulings  of  different  lengths 
nre  thus  obtained. 

In  each  revolution  of  the  main  shaft,  the  cycle  of  operations  that  occur 
is  as  follows:  Let  the  diamond  be  on  the  plate  in  a  position  to  begin 
ruling.  It  is  moved  forward,  i.  e.  toward  (he  shaft,  by  means  of  the 
ruling  frame  and  parts  described,  and  a  line  is  ruled.  The  stroke  of 
the  engine  being  now  about  to  reverse,  the  cam  controUing  the  mechan- 
ism for  lifting  the  dlnninnd  perfnrmp  its  duty;  and,  while  the  engine 
is  on   its  return  stroke,  with  tlie  dinmoud  off  fhe  plate,  the  latter  is 
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advanced  a  spaee  equal  to  the  desired  distance  between  the  rulings. 
This  is  done  by  the  cajne  operating  the  pawl-levers  (26  and  40),  whicli 
cause  the  pawl  (41)  to  rise  to  a  pre-determined  position  corresponding 
lo  one  or  more  teeth  of  the  graduated  ratchet  head,  then  to  engage  this 
wheel  and,  being  now  forced  down  to  its  normal  position,  to  cause  the 
wheel  and  the  feed-screw,  to  which  it  is  attached,  to  turn  through  a 
Binnll  definite  angle.  The  rotation  of  the  screw  causes  the  nut  to 
advance  towards  the  ratchet  head;  and  the  nnt  pushes  forward  the 
plate-carriage  lo  which  the  plate  to  be  ruled  is  secured.  The  engine 
being  now  at  the  end  of  its  return  stroke,  the  diamond  is  lowered  into 
contact  with  the  plate,  and  is  ready  for  ruling  the  next  line.  These 
operations  are  repeated  until  the  reqnisite  number  of  lines  is  ruled. 
Buring  each  cycle  of  operations  a  slight  additional  motion  is  imparted 
to  the  nut  and  thus  to  the  plate-carriage  by  means  of  the  corrector 
mechanism,  in  order  that  any'  periodic  errors  of  the  screw,  screw-head, 
etc.,  may  be  eliminated. 

The  ruling-carriage  with  its  diamond  holder  moves  along  truncated 
T-wayf,  as  phnwn  in  the  cuts,  the  surfaces  in  contact  being  the 
Bteel  ways  and  the  box-wood  linings  to  the  grooves  on  the  carriage. 
These  box-wood  linings  press  against  both  the  sides  and  the  top  of  the 
ways  and  are  adjustable.  The  plate-earriape  moves  along  V-ways,  the 
Burfaces  in  contact  being  the  steel  ways  and  the  cast-iron  carriage. 
These  two  pairs  of  ways  are  accurately  at  right  angles  to  each  other. 

Betailkd  Descrtptionr 

I.  Mechanism  connecting  the  plate-carriage  and  the  nut.  See  Fig.  5. 
The  plate-carriage  carries  a  thrust  collar  (20)  through  which  the 
ieed-screw  passes  freely.  It  is  held  in  position  by  pins  engaging  in  the 
top  and  bottom  of  the  plate-carriage.  The  thrust  of  the  nut  in  advan- 
cing is  communicated  by  two  lugs,  one  on  each  side  of  the  nut  casings 
,(21),  to  two  correspondingly  located  screw-heads  in  the  thrust  collar; 
«nd,  finally,  screw-hcnds  in  the  top  and  bottom  of  the  thrnsl-collar 
transfer  the  thnisl  to  correspondingly  located  lugs  (32)  in  the  platc- 
TJage. 


H,  Pawl  mechanism.     See  Fig.  4. 
The  degree  of  rotation  imparted  to  the  graduated  ratchet-head  de- 
Jwnds  npon  the  number  of  teeth  the  paw]  engages  in  each  revolution 
Of  the  niain-ehaft  and  may  be  varied  by  altering  the  size  of  the  cams 
(46  and  47)  on  which  the  pawl-levers  26  and  40  rest.     The  pawl-lever 
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(3(i),  to  which  the  hell-LTank  (J2)  is  pivott-d,  causes  the  pawl  ' 
height  corresponding  to  the  number  of  teeth  to  be  engaged  on  ti 
graduated   ratchet-head.     The   otiier   lever   (40)    has   the  function   ■ 
engaging   and   disengaging   the   pawl.     The   cycle   of  operations   that 
oeciirs  in  one  revolution  of  the  main  shaft  is  as  follows:     The  pawl-lever 
(26)  is  raisfid  by  the  earn  (47),  and  in  so  doing  gauges  the  degree  of 
revolution  to  be  imparted   to   the  graduated  ratchet-head   and   feed- 
i?crew.     The  other  lever  (40),  which  is  pivoted  on  the  pawl-lever  {3B), 
is  raised  further,  and  thereby  permits  cam  (46)  and  the  bell-crank  ^ii)  ] 
to  carry  tlic  |)awl  (41)  forward  into  engagement  with  the  graduat(.-d  1 
ratehet>head.     The  weight  (45)  attached  to  the  bell-crank  arm  insures  1 
a  positive  engagement  of  the  pawl.     The  depth  to  which  the  pawl  enters  I 
between  the  teeth  of  the  graduated  ratchet-head  is  governed  by  the  [ 
adjusting  screw  (43)  and  a  stop  on  pawl-lever  (26).     The  pawl  being  I 
engaged,  both  levers  {26  and  40)  now  descend,  causing  the  graduated  ] 
ratchet-head  and  feed-screw  to   turn  to  an  extent  governed   by   the 
number  of  toetb  engaged.     Lever  (40)  now  descends  to  a  position  roin- 
cident  with  that  of  the  lever  (26).  and  in  so  doing  causes  the  stop  on 
lever  (40)  to  press  against  the  adjusting  screw  (44)  on  the  bell-crank. 
and  thereby  withdraws  the  pawl  from  the  teeth  of  the  graduated  ratchet- 
head. 

III.  Diamond  and  ruling  head.     See  Pigs.  1  and  5. 

The  diamond  (1)  ia  firmly  secured  by  means  of  solder  in  a  holdn 

(3),  which  mny  Ix"  iidjusled  to  diiTc-ri'ut  inclinations.  The  frann' 
i-arrving  the  diiiuiond,  hohler  and  dii^h-i>ot  has  an  axle,  centering  in 
Waring  screws  (3)  and  contained  in  an  adjustable  sup|K>rt  (i).  Thir- 
^upiturt  may  he  raised  or  lowered  to  meet  the  requirements  of  plates  of 
difl'iTi'iit.  tliifkncss.  Normally,  the  end  of  the  frame  carrying  the 
■liairiond  and  holder,  owing  to  its  predominance  of  weight,  would  cause 
the  (lianumd  to  be  iu  coitact  with  the  plate  continuously.  In  order  to 
Miifc  it  on  the  return  stroke  of  tlie  engine,  a  weighted  lift  rod  (-i?)  i? 
caused  to  |ires.=  on  the  end  of  the  frrtine  near  the  dash-pot.  The  height 
to  whicli  the  diniuond  is  thus  lifted  oil  the  plate  is  governed  by  nut,-. 
whieJi  may  he  adjusted  on  the  jitem  of  the  lift-rod  and  wbicli  on  their 
descent  come  to  rest  on  the  jilalr-  '>C,  A. 

The  raising  of  the  weighted  lift-rod  is  primarily  caused  by  cam  (.")."ij 
on  tlie  main  shaft;  the  intermediate  mechanism  consists  of  the  lever 
('>i).  vertical  oscillating  rod  ("i3).  recii)rocating  rod  (35),  rocking  stem 
(31).  and  Jiftinf;  lever  (.")i;).     Tlie  action  of  the  dashers  and  dash-pot 
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filled  with  oil  is  to  dampen  any  vibrations  of  the  frame  which  carries 
the  diamond,  and  to  check  its  descent  on  the  plate. 

IV.  Corrector  mechanism.     See  Figs.  1,  4  and  5. 

The  wear  of  tlie  threads  contained  in  the  lignum  vitse  plugs  of  the 
Bplit  nut-casing  is  taken  up  by  the  screws  in  the  adjusting  rings  (li). 
bringing  the  two  parts  of  the  nut  cioeer  to  the  feed-screw.  Each  side 
of  the  nut  is  provided  with  a  wing-shaped  lever,  the  lower  ends  of  which 
e  confined  in  guides  forming  part  of  the  lower  corrector  frame  (39); 
but  they  are  free  to  travel  in  the  direction  that  the  nut  moves.  When 
jthe  screw  is  turning  and  the  nut  advancing,  these  wings  are  pressed 
tight  against  the  guide-plate  (39  A)  of  the  corrector  frame;  and  thus 
the  nut  will  receive  additional  motions  from  any  displacement  of  the 
Borrector.  In  this  manner  periodic  errors  of  the  screw  may  he  neutral- 
i  by  the  action  of  the  corrector.  The  precise  amount  of  correction 
i  controlled  by  the  adjustments  of  the  eccentric  (25).  This  gives  the 
requisite  amount  of  movement  at  the  proper  instants  to  the  corrector 
lever  (28),  which  in  turn  moves  the  rocking  shaft,  corrector  frame, 
Crank,  lower  frame  and,  finally,  the  wings  of  the  nut.  The  disc  (24) 
r  be  adjusted  and  clamped,  as  shown  in  Fig,  4,  in  different  positions 
in  the  plane  of  the  graduated  ratchet-head;  and  the  position  of  the 
iorrector  eccentric  (25)  with  respect  to  a  fi.\cd  radiim  of  the  graduated 
tchet-heud  must  be  such  as  to  make  the  phase  of  the  correction  oppo- 
B  that  of  the  periodic  error.  The  amount  of  eccentricity  of  the  eccen- 
ric  can  be  varied  by  means  of  set-screws,  as  is  evident  from  the  cut; 
md  this  TTWift  be  regulated  so  that  the  amplitude  of  the  correction 
quala  that  of  the  periodic  error. 

Debciiiptive  Drawings  of  Dividing  Engine  No.  3 

At  the  end  of  this  article  are  five  cuts  of  dividing  engine  No,  3,  drawn 
D  Bcale,  one  quarter  of  the  actual  size,  showing  different  views  and 
hperations.     They  may  be  descrilx'd  as- follows: 

Fig.  1.     Side  elevation,  showing  the  engine  in  a  ruling  position. 

Fig.  2.     Plan  view  of  the  foregoing. 

Fig.  3.     Plan  view,  showing  the  plate-carriage.     The  plate,   plate- 

iWer  and  ruling-head  are  omitted. 

Fig.  4.     Side  elevation  opposite  to  Fig.   1,  showing  the  engine  in 

e  return  stroke  position. 

Fig.  5.     Transverse  sectional  elevation,  showing  the  feed-screw,  nut. 
The  mechanism   actuating  the   corrector-frame   is   shown  aa  ( 
jd-Tiew. 
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Explanation  of  Numbers  in  the  CttU 
(Simiiax  numeralE  refer  lo  like  parts  throughout  the  different  views.)  J 
1.  Buling  dJamood. 
i.  Adjustable  diamond  holder. 

3.  Adjustable  support  for  the  axis  of  the  diamond- frame. 

4.  Rullug-head,  carrying  ruling  meehanism. 
■i.  Rods  of  the  ruling  carriage. 
6.  Plate  to  be  ruled. 
T,  Adjustable  box-wood  slides  of  ruling  carrisge.     (N.  B. — There  are  " 

box-wood  slides  pressed  against  the  sides  as  well  as  the  top  of 
the  ways  of  the  frame.) 

8.  Plate-holder. 

9.  Clumps  for  plate-holder. 

10.  Bed-plate. 

11.  nate-earriage,  which  is  moved  by  the  nut  and  which  teat*  on  waji 

(N.  B. — The  plate-carriBpe  hna  a  cross-beam  below  the  fee" 
screw.     See  Fijj.  5.) 
IS.  Feed-screw. 

13.  Hardened  steel  step  in  end  of  feed-screw. 

14.  Hardened  steel  th  nist -screw. 

15.  Casing  of  the  split  mtt,  holding  the  plugs  16. 

16.  Lignum  vilae  plugp,  lapped  for  engaging  feed-screw. 

17.  Adjiistinp  rings  for  nul,  with  their  adjusting  screws, 
18  and  IP.  Wings  of  the  nut.  cnntrollprl  by  the  corrector,  59  A. 
$0.  Thnist  collar,  loopcly  attiulied  to  platc-cnn-iage,  11. 

SI.  Abntting  liigp,  rigi'lly  nltaflicd   to  nut-ciising  l.'i,  and  in  contact 

with  collar  2n. 
?2.   .Mmttiug   ]ng-i    of    |il;ilf-oinTiiigo.    in    contact    with   screw-bend?    in 

collar  90. 

23.  Grnduated  ratcliet-licnd  attnchcd  to  the  feed-screw. 

24.  Disc  for  phase-ndjiislment  of  coiTector,  being  movable  around  flic 

axis  of  the  screw  in  the  plane  of  the  ratchet  wheel. 

25.  Eccentric   for   adjusting   amplitude    of    corrector,    being   movable 

aroimd  an  axis  near  one  end  so  as  to  vary  the  eccentricity. 
2G.  Pawl-lever,  which  rai,=c,a  or  lowers  the  pawl,  when  it  is  disengaged 
or  engaged,  respectively,  in  the  ratchet  wheel  by  means  of  lever 


27.  Hollow  arbor. 

28.  Corrector  levi 

29.  Corrector  frai 


serving  as  ]uvot  for  pawl-lever. 
,  re.-ting  on  STj.  and  pivoted  at  31. 
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30.  Hardened  steel  centres  for  corrector  frame. 

31.  Eocking  shaft,  rotated  by  means  of  lever  28. 

32.  Bearing  for  wrist-pin  of  lower  corrector  frame. 

33.  Crank  for  rocking  corrector;  a  slight  rotation  of  the  shaft  31,  thus 

giving  a  slight  sidewise  motion  to  the  frame  39. 

34.  Rocking  stem,  which  moves  the  lifting-lever  56,  of  ruling  head. 

35.  Bod  to  communicate  reciprocating  motion  to  34. 

36.  Base-frame  of  engine. 

37.  Casings  of  ruling  carriage,  holding  the  adjustable  box-wood  slides,  7. 

38.  Adjustable  weight  for  corrector  lever. 

39.  Lower  corrector  frame,  moved  by  the  crank  33. 

39  A.  Corrector  guide-plate,  along  which  the  wings  of  the  nut  move. 

40.  Lever  for  engaging  and  disengaging  pawl,  by  means  of  bell-crank  42. 

41.  Pawl,  driving  ratchet  wheel. 

42.  Bell-crank  which  is  pivoted  on  26;  to  one  end  the  pawl  is  attached, 

and  the  other  is  raised  by  the  lever  40  and  lowered  by  the 
weight  45. 
43  and  44.  Adjusting  screws  attached  to  42,  for  regulating  the  pawl 
engagement.     The  stops  are  attached  to  26  and  40. 

45.  Weight  hanging  from  bell-crank. 

46.  Cam  operating  lever,  40;  attached  to  main  shaft. 

47.  Cam  operating  pawl-lever,  26;  attached  to  main  shaft. 

(These  two  cams  regulate  the  number  of  teeth  of  ratchet  wheel 
which  the  pawl  clears  each  revolution  of  the  main-shaft.) 

48.  Driving  pulley,  attached  to  main  shaft. 
48  A.  Main  shaft. 

49.  Connecting  rod  to  give  reciprocating  motion  to  diamond-holder  by 

means  of  52  and  37. 

50.  Crank  arm,  designed  to  vary  the  length  of  stroke  of  the  diamond. 

51.  Bar  connecting  cross-head  52,  and  ruling  frame  37. 

52.  Cross-head,  driven  by  connecting  rod  49. 

53.  Oscillating  rod,  connecting  35  and  54. 

54.  Lever  operating  stop  mechanism  for  lifting  diamond,  resting  on  55. 

55.  Cam  attached  to  main  shaft  and  operating  the  lever  54. 

56.  Lever  for  lifting  rod  57;  it  is  operated  by  the  rocking-stem  34. 
^6  A.  Stop-plate  regulating  drop  of  rod  57. 

57.  Bod  for  lifting  diamond. 

68.  Dash-pot  attached  to  the  lever  which  carries  the  diamond-holder  2, 

and  which  is  pivoted  at  3. 
59.  Adjustments  for  holding  and  regulating  the  dashers. 
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Fig.  I 

Side  elevation,  showing  the  engine  in  a  ruling  position 
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Fig.  2 

Plan  view  of  the  foregoing 
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FIG.  2. 

PLAN    VIEW    OF  THE  FOREGOING. 


Fig.  3 

Plan  view,  showing  the  plate-carriage.     The  plate,  plate-holder  and 

ruling-head  are  omitted 
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PLAN  VIEW,  SHOWING  THE  PLATE-CARRIAGE. 

THE  PLATE,  PLATE-HOLDER  AND  RULING-HEAD  ARE  OMITTEI 
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Fig.  4 

Side  elevation  opposite  to  Fig.   i,  showing  the  engine  in  the  return 

stroke  position 
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